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In view of the current and future energy crisis, a class of efficient energy storage 
devices is urgently in need. Supercapacitors as a fast charging energy storage 
system, has been attracting enormous research attentions. Despite the 
advantages such as higher power density and longer cycle life than batteries, 
and higher energy density compared to conventional capacitors, there are still 
quite a number of challenges for supercapacitors to be the future energy storage 
device. One of the main technical issues for supercapacitors is their low energy 
density, which has been the killer for the wide applications expected. In addition, 
currently available candidates for electrode materials all have their 
disadvantages, such as, low capacitance for carbon-based materials and poor 
conductivity for transition metal oxide/hydroxide-based materials. Lastly, 
future generation energy devices need to be not only efficient in terms of energy 
and power density, but also to meet the new demand in wearable and flexible 
electric devices.  
To overcome the low energy density of supercapacitors, asymmetric 
supercapacitors (ASCs) has been introduced, as it could widen the voltage 
window by 2-3 times and therefore improve the energy density drastically. 
Secondly, new hybrid materials are found to be able to eliminate some of the 
disadvantages of single electrode materials while keeping their high capacitance 
and other advantages. Last but not least, flexible electrodes could be developed 




The main aim of this project is to design and develop a high performance 
flexible ASC aiming for future generation energy storage. Through examining 
some of the most promising candidates, such as N-doped mesoporous carbons, 
various manganese oxides, iron oxide and their nanohybrids, we have developed 
new structures demonstrating improved and optimized electrochemical 
properties. The examined materials are summarized in below: 
(i) N-doped mesoporous carbons have been developed via a soft-templated 
hydrothermal route. Tuning in N-doping level (from 4.5 to 14.5 wt.%) and 
specific surface area in the range of 375 to 730 m2 g−1 are successfully realized. 
The highest capacitance is obtained at 6.0 wt.% of N-doping and the effect of 
N-doping on the specific surface area, electrical conductivity and 
pesudocapacitance are demonstrated and clarified. 
(ii) Bilayer MnO2 nanosheets architecture is developed, which exhibits a high 
mass loading of manganese oxides (~2.4 mg cm-1) and possesses high surface 
area for the redox reactions. This novel structure delivers much improved 
electrochemical performances.  
(iii) Various morphologies of Mn3O4 nanoparticles, e.g. nanofiber, nanorods 
and nano-octahedrons of different sizes were obtained and their specific 
capacitance are tested. The mechanism of how cetyltrimethylammonium 
bromide (CTAB) affects the size of the Mn3O4 nano-octahedrons is studied.  
(iv) Highly crystallized Mn3O4 nanofibers are well integrated within the highly 
conductive and mechanical flexible rGO paper with high mass loading. This 




with an outstanding volumetric capacitance of 54.6 F cm-3, energy and power 
density of 0.0055 Wh cm-3 and 10.95 W cm-3, respectively.  
 (v) A highly flexible hybrid-type Fe2O3 nanoparticle clusters/rGO paper is 
designed and developed. Compared with the pristine rGO paper, the hybrid 
Fe2O3/rGO paper exhibits excellent volumetric capacitance, energy and power 
density when assembled into ASC with the same positive electrode material (a 
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Chapter 1. Introduction 
1.1 Brief Overview of Supercapacitors 
Supercapacitors first appeared in 1957, when H. Becker  proposed a "Low 
voltage electrolytic capacitor with porous carbon electrodes".[1] In the 1990’s, 
supercapacitors received much attention due to their application potentials in 
hybrid electric vehicles. Since then, the development and application of 
supercapacitors have been growing rapidly to meet the ever increasing demand 
as well as the challenges of energy storage. A basic supercapacitor consists of 
two electrodes separated by the thin film (the separator as shown in Figure 1-1) 
that allows charge transfer and the electrolyte that interacts with both electrodes. 
Through applying a voltage over the supercapacitor (as illustrated in Figure 1-
1), the charges have separated and formed Helmholtz double layers. This simple 
process stores charges locally. 
 










































There are two main types of supercapacitors based on their charge-discharge 
mechanisms, namely, electrochemical double-layer capacitors (EDLCs) and 
pseudocapacitors or redox supercapacitors. To be more specific, the charging-
discharging of an EDLC is by the physisorption of electrolyte ions onto the 
surface of a porous electrode. Common EDLC electrode materials possess a 
large surface area to promote ion absorption, examples of which are the various 
carbon-based materials.[2] The charging-discharging of pseudocapacitors is 
through rapid and reversible redox reactions between electrolyte ions and 
electro-active species at the electrode surface or near surface. The type of 
electrode materials is therefore called pseudocapacitive materials, e.g., 
transition metal oxides/hydroxides, conductive polymers, etc.[3]  
1.2 What Makes a Good Supercapacitor Electrode Material 
There are several parameters to characterize a good supercapacitor device, the 
most important one of which is the specific capacitance C (areal, volumetric or 
gravimetric).  C could be measured and calculated by mainly two methods, 
galvanostatic charge/discharge (CD) and cyclic voltammetry (CV) 




                                                                                                                                     (1.1)                                                                         
where I is the discharge current, Δt is the discharge time, ΔU is the potential 
window, and m is the active mass of the electrode material for calculating 
galvanostatic capacitance (it should be replaced to active material area or 







                                                                                                                          (1.2) 
where Q is the average of the absolute values of stored and released charges 




                                                                                                                   (1.3)   
As the enclosed area S in the CV loop is proportional to Q and the scan rate v.[3]  
For both EDLC and pseudocapacitor materials, a good electrical conductivity 
and high surface area will contribute to high specific capacitance, as the high 
electrical conductivity generates a higher charge/electron carrier mobility and 
high surface area promotes charge absorption or provides more redox reaction 
sites.[4]  
Besides obtaining a high specific capacitance, some other properties are highly 
important for supercapacitors, such as, energy density, power density, retain 
ability, flexibility and cycling ability. All these properties, including specific 
capacitance, are highly dependent on not only the electrode itself, but also the 
electrolyte and the whole energy storage system. Here we mainly focus the 
discussion on the electrode materials, with others such as aqueous electrolyte 
and ionic liquid electrolyte being discussed for some chapters.  
Both energy and power density are crucial to an energy storage device, as they 
decide how efficient a system is. As shown in the Ragone plot in Figure 1-2, 
supercapacitors (aka. electrochemical capacitors) offer much higher power 
density (aka. specific power) than various Li ion batteries. However, their 




one of the biggest challenges for their applications is to improve the energy 
density, while maintaining the other advantages such as high power density and 
excellent cycling ability. The energy density E and power density P could be 








                                                                                                                                              (1.5) 
Where V is the voltage window and ∆t is the discharge time corresponding to 
the C value calculated from CD measurement. As shown from Equation 1.4, the 
key to enhance E is to increase the specific capacitance and voltage window. 
One way to greatly increase the voltage window is through using the 
asymmetric supercapacitors (ASC), in which voltage window could be 
increased from 1 V to 2-3 V.[5] 
 
Figure 1-2. The plot of specific power density against specific energy density, 
also called a Ragone plot, for various electrical energy storage devices. 





1.3 Recent Advances and Challenges 
1.3.1 Advantages of Supercapacitors 
Supercapacitors have some of the most remarkable advantages when compared 
to other energy storage devices, such as lithium ion batteries, including: 
(1) High Power Density and Fast Charging.  
As mentioned above, supercapacitors have much higher power density than 
those of batteries. The electrical charges are stored mainly at the electrode 
surface and near surface.[2] Therefore, the charge/discharge process will not be 
limited by the ionic conduction into the bulk of the electrode. This results in 
much higher charge and discharge rates (e.g., a few seconds for supercapacitors 
vs. a few hours for batteries.). As shown in Equation 1.5, the power density is 
inversely proportional to the discharge time, therefore, the rapid discharge rates 
of supercapacitors lead to high power density.[2] Therefore, supercapacitors 
have been finding their applications in systems where rapid charge/discharge is 
needed, such as, in energy recovery, regenerative braking or burst-mode power 
delivery systems within trains, automobiles, cranes and elevators.[7] 
(2) Excellent Cycling Ability and Shelf Life.  
Due to the unique energy storage mechanisms of supercapacitors, the charge-
discharge process is highly reversible. Whether it is the physisorption of 
electrolyte ions onto a porous electrode for EDLC, or the faradic reactions for 




typical supercapacitors could be cycled at high rates for 10 000 to 1 000 000 
cycles with minimal changes of their electrochemical properties.[2, 8] In contrast, 
the energy storage in a typical battery often involves irreversible intercalations 
and phase changes of the electrode materials.  Thus, the cycle life for batteries 
is incomparable to supercapacitors, even when the stored energy is as small as 
10-20% of the overall potential. 
Another advantage of supercapacitors related to their high chemical stability is 
the long shelf life. After long-term storage (a few months to a few years), 
supercapacitors can still maintain their capacitance and recharging ability. On 
the other hand, most rechargeable batteries will degrade over time when not in 
use, due to self-discharge and corrosion problems.[9]  
Other advantages of supercapacitors include environmental friendliness, the 
wide range of operating temperatures (-40 to 70 ◦C), and low safety 
requirement.[2, 10, 11] 
1.3.2 Challenges of Supercapacitors 
Despite the above mentioned advantages, supercapacitors still face several 
challenges at the current stage. These challenges could not be overlooked, if 
they are to find their place in the rapidly expanding energy storage market. 
(1) Low Energy Density.  
One of the major drawbacks of supercapacitor is the insufficient energy density, 
generally in the range of 0.1-10 Wh kg-1,[12-14] which is one to two orders of 




kg-1).[15] This means, to provide the same amount of energy, a much bigger or 
heavier supercapacitor is required, in order to replace a lithium-ion battery. To 
overcome this challenge, considerable research work has been focused on 
improving the specific capacitance of electrode materials in the past few years. 
Another approach is to increase the voltage window through fabrication of 
asymmetric supercapacitor (which will be covered in Section 1.3.3). 
(2) High Cost.  
The cost of electrode materials for supercapacitors represent a significant share 
of the total cost. This is another challenge for the scaling up and 
commercialization of supercapacitors. Currently, the most common 
commercially available electrode materials are carbon-based and RuO2 
nanomaterials. The cost of carbon nanomaterials with high surface area that 
could be used for EDLC has dropped from of US$50-100 per kg to US$15 per 
kg recently, based on a study in 2013.[16] However, due to the low energy density, 
the overall energy storage cost by supercapacitors is US$2400-6000 per kWh 
while the one for lithium ion battery is US$500-1000 per kWh,  based on the 
well-to-wheel analysis in 2011.[17] For metal oxide based supercapacitors, such 
as RuO2, the overall cost is even higher.
[18] Therefore, several other transition 
metal oxide electrode materials (e.g., NiO, MnOx) for supercapacitors have been 
developed and studied to substitute the high cost RuO2.
[2, 19] 
In addition to the electrode materials, some electrolytes, such as organic or ionic 




operation voltage window. Therefore, they also contribute to the overall cost of 
energy storage. 
1.3.3 Asymmetric Supercapacitors 
Carbon-based symmetric supercapacitors (e.g. EDLCs) have been studied 
extensively and their performances have been improved greatly over the past 
decade.[20, 21] They can store up to three orders of magnitude greater charges 
than the conventional capacitors. However, to meet the current and future 
energy storage demand, there is an urgent need to develop supercapacitors of 
high energy density, high power density and long cycling stability. As shown in 
equation 1.4, the energy density is proportional to the square of the operating 
voltage window. Therefore, one apparent and effective way to boost energy 
density is to widen the voltage window.[22, 23]  
 Asymmetric supercapacitors (ASCs), also known as hybrid capacitors,[22] have 
been found to be an effective approach to meet the ever-increasing demand of 
high energy density supercapacitors, through providing larger voltage 
window.[24, 25] ASCs make use of two electrochemical materials that have 
bridging, yet very different voltage windows, e.g., a combination of a carbon-
based material as negative electrode (voltage window from -1.0 V to 0 V) with 
a pseudocapacitive MnO2-based positive electrode (voltage window from 0 to 
1 V) can extend the potential window to up to 2 V in aqueous electrolytes.[25, 26] 
During the charge and discharge processes of this MnO2/carbon type ASC, 




on the positive electrode, with physisorptions taking place on the negative 
electrode mostly (as shown in the scheme in Figure 1-3). 
 
Figure 1-3. Schematic illustration of an ASC. Reproduced with permission from 
[22]. Copyright© 2013 The Royal Society of Chemistry. 
   
There are various types of active materials that have been studied for positive 
electrode materials, mainly transition metal oxides/hydroxides or their hybrid 
materials, such as RuO2,
[27] MnO2,
[28] CoO,[29] and Ni(OH)2.
[30]  More 
discussion on some of these active materials will be given in later sections. 
Compared to the materials for positive electrodes, there are less materials to 
choose from for the negative electrodes. Current ASC research mainly focuses 
on carbonaceous materials (e.g., porous carbons, carbon nanotubes and 
graphenes),[31, 32] while very little research has focused on metal oxides, such as 
V2O5 and MoO3 and their nanocomposites.
[22] Other than these materials, 
Fe2O3-based materials have also been studied, showing great electrochemical 
performance as the negative electrode, in addition to its low cost and 




1.3.4 Flexible Supercapacitors 
Flexible supercapacitors is one sub-class of solid state supercapacitors that have 
drawn more research and development attention than non-flexible 
supercapacitors recently.[6] This is mainly due to the high demand of flexible 
energy storage devices, owing to the rapidly growth of market in flexible and 
portable electronic devices and electric vehicles.[11]  Flexible supercapacitors 
require the electrode materials to have the desired electrochemical properties 
with well-integrated mechanical flexibility.[36] Therefore, highly flexible thin-
film electrodes with soft materials as substrates are promising candidates for 
flexible supercapacitors.[37] These devices generally consist of the above 
mentioned flexible electrodes, solid-state electrolyte, a separator and a flexible 
packaging material, e.g., plastic or aluminum foil (as shown in Figure 1-4). 
 
Figure 1-4. Schematic illustration of a flexible solid-state supercapacitor. 
Reproduced with permission from [11]. Copyright© 2014 The Royal Society of 
Chemistry. 
 
Among the material candidates for thin-film electrodes, carbon-based materials 
(e.g. graphene, carbon nanotube and carbon cloth etc.) possess the high 
mechanical strength to withstand bending, folding or rolling, together with 




electrical conductivity and flexibility of graphene films, the restacking problem 
of graphene sheets need to be resolved. El-Kady et al. have reported a novel 
method to prepare graphene electrodes for solid state supercapacitors to 
effectively solve the restacking problem of graphene sheets. The graphene 
layers were made by reducing graphite oxide films to graphene using a standard 
LightScribe DVD optical drive (laser-scribed graphene-solid state capacitors 
(LSG-SSCs), as shown in Figure 1-5a).  
 
Figure 1-5. (a) A schematic diagram of all-solid-state LSG-SSCs. Insert: a 
cross-sectional scanning electron microscopy (SEM) image of GO sheets and a 
digital photograph of the fabricated device; (b) A comparison between 
performances of LSG-EC using gelled versus aqueous electrolytes; (c) Bending 
the device has almost no effect on its performance, as seen in these CVs 
collected at a scan rate of 1000 mV s-1 and (d) Galvanostatic charge-discharge 
curves for four tandem ECs connected in series. Reproduced with permission 




The films developed by the above process are mechanically robust with high 
electrical conductivity and specific surface area (1520 m2 g-1), and have 
eliminated the necessity of using binders or current collectors for supercapacitor 
application. The flexible devices thus assembled with these films exhibit high 
volumetric capacitance (0.45 F cm-3 as in Figure 1-5 b) and energy density value 
(as high as 1.36 mWh cm-3) while maintaining the high power density (~20 Wh 
cm-3) and excellent cycling ability (Figure 1-5c). In addition, the films 
demonstrated excellent flexibility and electrochemical performences when 
undergoing high mechanical stress (Figure 1-5a and d). This work has 
demonstrated that graphene film is an excellent substrate for flexible 
supercapacitors and has inspired the development of other types of flexible solid 
state supercapacitor materials based on graphene films.[38-41] 
On the other hand, due to the low packing density and large level of porosity of 
pure carbon materials (such as graphene), the areal or volumetric capacitance of 
these carbon-based materials are limited, usually not more than 100 mF cm-2.[37, 
38] Thus, the introduction of transition metal oxides/hydroxides[20, 42, 43] or 
conductive polymers[44, 45] with pseudocapacitance has been regarded as a 
solution to further boost up the electrochemical performance of carbonaceous 
materials. By creating a hybrid nanocomposite of the flexible substrate, e.g. 
combining graphene or carbon nanotube (CNT) paper with the pseudocapactive 
nanomaterials, such as MnOx,
[46, 47] RuO2,
[48] polyaniline (PANI)[49] and 
polypyrrol(PPy),[50] the desired high electrical conductivity could be coupled 
with pseudocapacitive nanomaterials for higher electrochemical performance, 




on MnO2-based hybrid materials for flexible supercapacitors, such as the core-
shell structure based on H-TiO2 nanowires 
[42] and Au coated WO3 nanowires,
[20] 
both with MnO2 deposited on the surface and showing excellent energy 
densities ( 0.3 mWh cm-3 and 78.1 kWh kg-1). 
1.4 Electrode Materials for Supercapacitors 
As the capacitance, energy density, power density and other electrochemical 
performance parameters are highly dependent on the electrode materials, most 
studies on improving the performance of supercapacitors have been focused on 
optimizing and developing electrode materials.[2] As mentioned earlier, the 
specific capacitance of a material is strongly affected by its surface area, pore 
structures, electrical conductivity, and functional groups if any, and even the 
interactions among these parameters. The currently available candidates for 
electrode materials can be broadly classified into three groups: (i) carbon-based 
materials with high specific surface area and electrical conductivity,[51-53] (ii) 
conducting polymers,[54, 55] and (iii) metal oxides.[56-58] 
1.4.1 Carbon Materials 
Carbon-based materials are excellent candidates for EDLC, mainly due to their 
high tunable specific surface area and electrical conductivity. Carbon materials 
with high surface areas, such as the activated carbons and porous carbons, 
carbons incorporated with heteroatom for pseudocapacitance and graphene are 
currently hot research topics. 




ACs are generated by either physical or chemical activations of various 
carbonaceous materials (e.g. wood, coal, nutshell, etc.). Physical activation 
mainly uses heat treatment (from 700 to 1200 ◦C) in oxidizing gases to produce 
porous structure.[59] Chemical activations are conducted at lower temperatures 
(from 400 to 700 ◦C) by making use of some strong acids (e.g. H3PO4) or 
alkalines (e.g. KOH), or corrosive salts (e.g. ZnCl2).
[60-62] The extent of 
activation could be well controlled to obtain ACs with different levels of 
porosity and surface area. The surface area could be increased to as high as 3000 
m2 g-1.[59] The main disadvantage of activated carbons for supercapacitor 
application is the broad distribution of pore size, consisting of micropores (< 2 
nm), mesopores (2-50 nm) and macropores (> 50 nm). As not all these pores are 
effective for supercapacitor energy storage, these excessive pores not only 
increase the volume of the electrode materials, but also hinder the electrical 
conductivity.[59] 
Most of the aqueous electrolyte ions could access the micropores around 1 nm, 
while organic electrolyte cannot, due to the larger effective size of the 
electrolyte ions in organic solutions. Therefore, when AC-based supercapacitor 
electrode is tested in aqueous electrolytes, the specific capacitance is higher than 
that tested in organic electrolytes (100 to 300 F g-1 vs. less than 150 F g-1).[63]  
However, most of the commercial supercapacitors use organic electrolytes for 
higher operating voltages. Thus, the main challenge of using ACs as 
supercapacitor electrode is to narrow down the pore size distribution and to 





Graphene has attracted overwhelming research attention recently since its first 
isolation from natural graphite. It exhibits a 2D atom-thick planar structure 
along with excellent mechanical and electrical properties.[64-66] Due to the high 
theoretical specific surface area and electrical conductivity, it has also been 
studied as electrode material for supercapacitors.[67, 68] As mentioned in Section 
1.3.4 (flexible supercapacitors), the main challenge for adapting graphene 
material for supercapacitor application is to overcome the restacking problem. 
Compared to physically grown graphene (e.g. CVD growth), chemically 
derived graphene sheets tend to stack (due to van der Waals interactions 
between the layers) and suffer from overall low electrical conductivity. [69, 70] 
One of the recently investigated methods to prevent restacking of graphene or 
reduced graphene oxide (rGO) sheets is to place spacers among the individual 
sheets (e.g. hybridizing graphene sheets with carbon nanomaterials).  The 
spacers should be electrically conductive, porous and electrochemically active, 
in order to get high supercapacitor performance. The well-studied carbon 
materials as spacers include: carbon black particles, templated carbon spheres, 
CNTs and ACs.[64] For example, carbon black-rGO hybrid with uniform 
structure could be obtained from a solution based self-assembly, with the 
conductive carbon black particles as spacers.[71] This method makes use of the 
electrostatic attraction between the carbon black particles and the GO sheets 
that have opposite surface charges to drive the self-assembly process. After 




70% improvement in specific capacitance as compared to the rGO electrode 
without carbon black.[71] 
1.4.1.3 Templated Mesoporous Carbon Materials (MCMs) 
MCMs synthesized from templating methods are intensely studied due to their 
narrow pore size distribution, highly ordered and interconnected pore structure 
and large specific surface area.[59] MCMs with different structures and 
compositions (e.g., hollow structured, N or B doped and graphene decorated) 
have been synthesized and studied for supercapacitor applications, especially in 
the last decade.[72-74] The mesopores which are 2 to 50 nm in sizes are beneficial 
for ion diffusion in the electrodes and could improve the high rate power 
density.[75-77] The interconnected mesopores are also responsible for smooth 
electrolyte transportation.[78] Therefore, MCMs having well controlled 
hierarchical porous structures are promising candidates for high performance 
EDLC electrodes.  
Besides using MCMs along, it is also beneficial to assemble appropriate hybrid 
materials for excellent supercapacitor performances. One common way is to 
dope nitrogen inside, which not only improves the electrical conductivity of the 
MCMs, but can also provide pseudocapacitance.[4, 79] The nitrogen atoms doped 
in are able to act as the electron donors which result in the pseudocapacitance 
charge transfer.[80] In addition, nitrogen doping also affects the average pore size, 
ordering of the pore structure, specific surface area and pore volume of carbon-




doping level should be optimized in order to obtain the highest electrochemical 
performance. 
1.4.2 Conducting Polymers 
As mentioned in section 1.1, there are two types of supercapacitors based on the 
energy storage mechanisms: EDLCs and pseudocapacitors. As shown in Figure 
1-6, a pseudocapacitor typically has a higher gravimetric capacitance value than 
that of EDLC, as the bulk of the material (not just the surface layer) reacts with 
the electrolyte. Among the candidates for pseudocapacitor materials, 
conducting polymers (CPs) are organic polymers that conduct electricity 
through their conjugated bonds. The electrical conductivity of CPs was first 
reported in 1963 and first utilized in supercapacitors in the mid-1990s.[81] The 
conductivity of CPs could reach as high as 500 S cm-1, if properly doped.[82, 83] 
Due to their highly reversible faradaic reactions, high charge density, and lower 
cost as compared with metal oxides,[84-86] CPs are extensively studied for 
supercapacitor applications in recent years, although their relatively low 
mechanical stability and short cycle life still needs to be overcame. Nevertheless, 
CPs have been recognized for their excellent mechanical flexibility due to their 
inherent flexible polymeric nature and have drawn a great attention for 





Figure 1-6. Comparison of various materials according to their specific 
capacitance. Reproduced with permission from [89]. Copyright© 2015 John 
Wiley & Sons, Inc.  
   
CPs are typically formed by chemical oxidation of the monomers by oxidants, 
such as iron chloride,[82] or electrochemical oxidation of the monomers. The 
oxidations of the monomers and the polymer with the insertion of the dopant 
ions (e.g. Cl−) occur simultaneously.[90] The typical dopant level for CPs used 
for supercapacitor application is 0.3 to 0.5 per polymer unit.[81] 
During charging-discharging, CPs can be p-doped with anions by oxidation or 
n-doped with cations by reduction, based on the following two simplified 
equations and their reverse equations: 
Cp → Cpn+An + ne− (p-doping)                                                                                      (1.6) 
Cp + ne− → CnCpn− (n-doping)                                                                                       (1.7) 




Among the types of CPs, polyaniline and polypyrrole have been widely studied 
as candidates for supercapacitor electrode materials due to their high electrical 
conductivity and capacitance, and low cost.[2, 86, 91-93]  
1.4.2.1 Polyaniline 
Polyaniline is the mostly studied CP as a supercapacitor electrode or battery 
material.[94-101] Polyaniline has many desirable characteristics for energy storage 
applications: it has high electrical conductivity (0.1 to 5 Scm-1),[81] variable 
oxidation states, excellent doping-dedoping and high doping level (0.5 per 
polymer unit). All these characteristics contribute to a high specific 
pseudocapacitance (400-500 F g−1 in acidic medium).[89]  
The specific capacitance reported for polyaniline is in a range of high variation 
(from 30 to 3000 F g-1), mainly due to the variations in polymer structures, 
morphologies, dopant levels and ionic diffusion caused by the polymerization 
process.[89] It has been found that the high surface area and the optimized 
nanostructure are the key factors for high specific capacitance.[89] For example, 
nanofiber-composites of polyaniline/sodium alginate synthesized by solution 
method have been reported with an excellent specific capacitance of 2093 F g-
1.[102]  
1.4.2.2 Polypyrrole 
Among the CPs used for supercapacitor applications, polypyrrole is known 
mostly for its high flexibility and ease of synthesis.[103-107] Polypyrrole has a 




CPs, although its volumetric capacitance is high (400-500 F cm-3). Polypyrrole 
has also been reported as a composite candidate for hybrid type supercapacitors 
(e.g. with graphene or CNT). The energy storage capability of these materials 
could be greatly improved by polypyrrole due to the increased ion diffusion rate 
and surface area.[108, 109] Polypyrrole can only be n-doped, therefore, it can only 
serve as the positive electrode material for ASCs.  
Despite the above mentioned advantages of polypyrrole, there are still two main 
disadvantages that need to be addressed in order to further utilize polypyrrole 
for high performance supercapacitors: the relatively low capacitance obtained 
(which is still far from the high theoretical capacitance) and the poor cycling 
ability.[103, 110] Current measures to improve the capacitance and cycling ability 
include:  (i) Combining polypyrrole with negative electrode material (such as 
poly(3-methyl thiophene)) to form an ASC;[110, 111] (ii) Synthesis of composite 
materials based on the hybrid of polypyrrole and various carbon or metal oxides 
materials;[103-105] (iii) Novel structural design and optimization of polypyrrole-
based nanocomposite.[103, 110]  
1.4.3 Transition Metal Oxides and Their Hybrids 
The huge family of transition metal oxides have been studied extensively for 
electrode materials in supercapacitors. Starting from RuO2 as a supercapacitor 
electrode in aqueous H2SO4 electrolyte in 1971,
[112] many transition metal 
oxides have been explored. Compared to carbon-based materials, they can 
provide much higher capacitances due to their redox active nature (as shown in 




development are to combine transition metal oxides and carbon-based materials 
to make flexible ASCs for higher performances and wider applications.[6, 11, 113] 
Among the mostly studied transition metal oxides, nickel and cobalt oxide show 
the highest capacitance, but lower cycling ability and are less cost effective. The 
family of manganese oxides is another mostly studied class of transition metal 
oxide materials due to their high cost effectiveness and low toxicity. Iron oxides 
are of interest in terms of its negative potential window. Therefore, iron oxides 
have been mostly studied as negative electrode materials for ASCs.  
 
Figure 1-7. The capacitance performance for both carbon-based EDLC 
electrodes and pseudocapacitor electrodes (including transition metal oxides 
and conducting polymers). Reproduced with permission from [115]. Copyright© 
2012 Elsevier Ltd. 
 
To maximize the capacitance and performance of supercapacitors in transition 
metal oxide-based materials, three conditions should be satisfied: (i) a good 
electrical conductivity; (ii) two or more oxidation states or the metal ions could 
coexist with no irreversible phase and structure changes; (iii) high chemical 
stability during charge-discharge.[2] Some of these transition metal oxides are 




1.4.3.1 Manganese Oxides 
Manganese oxides (MnOx) are recognized as a promising candidate due to its 
low cost, low toxicity, high abundance and high theoretical capacitance (1100 
to 1300 F g-1).[39, 116-119] MnOx have thus attracted intense attentions since it was 
first reported for supercapacitor application in 1999.[120-125] As Mn has five 
known oxidation states, there are redox reactions involving the ion exchange 
between MnOx and electrolytes, as well as those transitions between 
Mn(III)/Mn(II), Mn(IV)/Mn(III), and Mn(VI)/Mn(IV).[2] The mechanism can 
be summarized by the equation below:[2, 118, 126, 127] 
MnOx(OC)y + zC
+ + ze+  MnOx-y(OC)y+z                                                                  (1.9) 
where C+ denotes the protons and cations from the electrolyte (such as Li+, Na+ 
and K+) and MnOx(OC)y and MnOx-y(OC)y+z represent MnOxnH2O in different 
oxidation states. 
Despite the high theoretical capacitance, early studies on MnOx-based 
supercapacitors reported capacitance values of around 200 F g-1, mainly due to 
the low conductivity.[125, 128, 129] Recent researches have focused on increasing 
the capacitance through synthesis of various nanostructures with novel 
morphologies, improved conductivity, and high surface area.[130] Structures 
such as thin films,[131] nanosheets,[132] nanospheres,[133] nanoflowers,[134] 
nanowires/nanorods[24, 135] and nanotubes[136] with controllable particle size, 
electrical conductivity and surface area have been demonstrated with much 




electrochemical properties of MnOx-based electrodes are shown to be 
influenced by the following factors: 
(1) Degree of Crystallinity and Crystal Structures. 
It is found that a higher crystallinity leads to a lower capacitance due to limited 
ion diffusion of the highly crystallized MnOx. For amorphous MnOx, redox 
reactions can take place both at surface and subsurface of the electrode 
materials.[130] 
MnOx crystallizes in a special tunnel structure as shown in Figure 1-8. The 
capacitance of crystallized MnOx is largely dependent on the type of the crystal 
structure formed, especially as the tunnel size affects cation intercalation.[3] 
Take MnO2 as an example, among its various crystal structures, only those with 
sufficient gaps to accommodate the electrolyte ions and protons are expected to 
generate high capacitance, as the capacitance mainly comes from 
intercalation/deintercalation of electrolyte ions and protons.[130] In particular, 
the tunnel sizes of the -MnO2 and -MnO2 are 4.6 and 7.0 Å, respectively, 
which are suitable of intercalation/deintercalation of K+ (with the ion size of 3.0 
Å in water). On the other hand, the tunnel sizes of -MnO2 and -MnO2 are 
smaller than the size of K+, therefore their capacitance are lower in electrolytes 





Figure 1-8. Schematic representations of the crystal structures of MnOx: (a) 
Rock salt; (b) spinel (Mn3O4); (c) bixbyite (Mn2O3); (d) pyrolusite -MnO2 
(rutile-type); (e) ramsdellite (diaspore-type) ([MnO6] octahedral form infinite 
double layers) and (f) phyllomanganate (birnessite-buserite family of layered 
MnO2). Reproduced with permission from 




The morphology has an impact on the capacitance of MnOx due to its effect on 
the surface area. The specific surface area can be made ranging from 20 to more 
than 200 m2 g-1, based on the morphologies made for MnO2 nanostructures.
[130] 
For example, MnO2 nanowires of 8-16 nm in diameter shows a higher 
capacitance than that of nanorods of 15-35 nm in diameter (350 vs. 243 F g-1), 
under the same testing conditions, although both are 1D structure materials. The 
nanowires of smaller diameters could provide more active sites for charge 
transfer and shorter diffusion path, thus giving rise to high capacitance.[137] 
More recently, 3D porous MnO2 materials have been developed for 




sites for redox reactions than its bulk form. They demonstrated significantly 
high energy and power densities.[138] 
(3) Electrical Conductivity. 
As mentioned above, one of the main obstacles in archiving high capacitance of 
MnOx-based materials are their relatively poor electrical conductivity (10
-5 to 
10-6 S cm-1). Recent studies have focused on two approaches to improve the 
electrical conductivity: doping by other metal elements such as Cu, Ni, Co and 
Fe;[130] and growth of MnOx on conducting substrates such as carbon or 
conductive polymers, which will be covered in details in next section.[26, 139-142] 
(4) Loading Mass. 
It has been observed that the gravimetric capacitance decrease with increasing 
loading mass, especially for thin film types of materials.[143-146] For MnOx thin 
films, a higher loading mass is usually obtained by increasing film thickness, 
which increases the redox-inactive sites. As a result, most works that have 
reported high gravimetric capacitance of MnOx have a very low mass loading 
(less than 1 mg cm-2).[132] Therefore, it is highly in demand to increase the 
loading mass of redox-active MnOx, for example, through optimizing the 
substrate to provide more supporting areas.[130]  
1.4.3.2 Manganese Oxides and Carbon-based Hybrids  
It is commonly known that both MnOx and carbon-based materials have their 
pros and cons for applications as supercapacitor electrodes.[3, 16] For example, 




electrical conductivity and less-tunable specific surface area; on the other hand, 
carbon-based materials could be made into various forms and textures with high 
specific surface area and electrical conductivity. When the two are effectively 
combined, their individual merits could be retained and the synergistic effects 
can be generated.[147] In such hybrid-type supercapacitor electrodes, the carbon-
based materials play two key roles: (i) to provide supporting backbone or matrix 
to harvest more specific surface area for MnOx; (ii) to boost the overall electrical 
conductivity and to provide channels for rapid charge transport. The highly 
pseudocapacitive MnOx in such hybrid-type materials is largely responsible for 
storage of extra charges and energy.[147]  
To benefit from such synergistic effects from both components and to obtain 
optimal electrochemical performances, the compositional constituent, 
microstructure and physical properties of the hybrid should be well controlled. 
Various forms of MnOx and carbon-based materials have been combined into 
hybrid-types of supercapacitor electrodes and their performances are briefly 
discussed here. 
(1) Various Forms of MnOx Used in Hybrid. 
MnOx nanoparticles (0D) could be embedded inside 3D carbon-based matrix or 
graphene foams.[148] In the case of ultra-small MnO nanoparticles embedded in 
N-doped carbon sheets (Figure 1-9a), the N-rich carbon sheets act as strong 
mechanical supports and highly conductive networks for hosting the ultra-small 
MnO nanoparticles. A high specific capacitance of 570 F g-1 is obtained at the 





Figure 1-9. Transmission electron microscope (TEM) images of: (a) ultrasmall 
MnO nanoparticles embedded in N-doped carbon sheet (reproduced with 
permission from [148], Copyright© 2014, Royal Society of Chemistry); (b) 
Mn3O4 nanorods decorated graphene sheets (reproduced with permission from 
[149], Copyright© 2012, American Chemical Society); (c) Nanosized MnO2 film 
coated on CNT (reproduced with permission from [150], Copyright© 2010, 
American Chemical Society) and (d) 3D honeycomb MnO2 nanostructures and 
carbon nanoparticles embedded in graphene sheets (reproduced with permission 
from [151], Copyright© 2015 Elsevier B.V.). 
 
1D MnOx nanostructures, such as nanorods, nanofibers or nanowires could also 
be combined with carbon-based materials to generate a hybrid-type of 
supercapacitor electrode.[152-154] When Mn3O4 nanorods (e.g., 5 to 10 nm in 
diameter and  100 nm to 1 µm in length) are decorated on graphene sheets 
(Figure 1-9b), the graphene sheets serve as a highly conductive matrix to 







a result, the hybrid of Mn3O4 nanorods and graphene shows four times higher 
gravimetric capacitance than free Mn3O4 nanorods.  
Electrodeposited MnOx films (2D) are being extensively studied for 
supercapacitor application due to the relative ease of fabrication and process 
control.[155, 156] When MnO2 film is electrodeposited onto the activated carbon 
paper, a high specific capacitance of 640.8 F g-1 at the current density of 10.0 A 
g-1 is obtained (without considering the mass of carbon paper).[155] Other 
methods could also be utilized to deposit MnOx films, such as, redox deposition 
of MnO2 thin film with a thickness of a few nanometers on the surface of CNT 
(Figure 1-9c).[150] High volumetric capacitance of 246 F cm-3 with good capacity 
retention up to 1000 mV s-1 is demonstrated due to the rapid transport of 
electrons and ions within the electrodes. 
More complicated 3D MnOx nanostructures, such as honeycomb MnO2 
nanospheres (indicated by green circles in Figure 1-9d) could also be made into 
hybrid form with carbon-based materials.[157] However, such graphene wrapped 
honeycomb MnO2 hybrid-type supercapacitor still need improvement in terms 
of loading mass in order to develop high specific capacitance. 
(2) Various Carbon-based Materials used in the Hybrid. 
As mentioned above, one of the main functions played by carbon-based 
materials in the hybrid is to provide support for the MnOx to be grown or 
deposited on. Specifically, materials such as CNTs,[150, 158] carbon spheres,[159, 
160] carbon nanofibers[152, 161] and carbon matrix[162, 163] have been reported to 




Among these materials, the mostly reported one is CNTs, as they not only 
provide supporting backbone, but also contribute to the overall electrical 
conductivity of the hybrid materials. When MnO2 nanosheets is grown on the 
surface of CNTs by hydrothermal process (Figure 1-10a), high specific surface 
area of MnO2 nanosheets (127 m
2 g-1) and much improved specific capacitance 




Figure 1-10. TEM images of: (a) MnO2 nanosheets grown on CNTs (reproduced 
with permission from [164], copyright© 2014 Elsevier B.V.); (b) MnO2 
nanosheets grown on carbon nanospheres (reproduced with permission from 
[159], copyright© 2014 Elsevier B.V.) and (c) MnO2 nanosheets grown on CNFs 
(reproduced with permission from [161], copyright© 2013 Elsevier B.V.). 
 
Carbon spheres can also provide good support for MnOx (Figure 1-10b).
[159] 
However, the loading mass of MnOx and the overall capacitance is much 
dependent on the size of the carbon spheres. As large carbon spheres will 
generate more electrochemical inactive volume, small carbon spheres are 
preferred for the MnOx and carbon-based hybrid-type of supercapacitors.  
Carbon nanofibers (CNFs) is another class of recently emerged materials as 
excellent support for MnOx.
[161] The CNFs with smaller diameters are preferred 






loading mass of MnO2 on carbon fibers in dimension of more than 5 µm is only 
about 0.11 mg cm−2,[165] while the one on CNFs in dimension of 400 nm is  3.1 
mg cm−2.[25] 
Another important function of the carbon-based materials in the above 
mentioned hybrid-type supercapacitor is to compensate for the poor electrical 
conductivity of MnOx. One efficient strategy is through the use of graphene 
materials. The highly conductive graphene nanosheets can be easily integrated 
into macroscopic level such as graphene paper, graphene hydrogels and 
graphene foams.[149, 166-170] The porous or thin film type graphene materials 
could provide high specific surface area, strong mechanical strength and fast 
mass and electron transport kinetics.[26] The hybrid materials of MnOx and 
graphene have been intensely studied for supercapacitors very recently, due to 
their significant advantages over other carbon-based materials. For example, the 
thickness of graphene-based electrode can be made much lower than CNF or 
CNT papers (a few µm vs. a few hundreds of µm),[46, 171, 172] thus, the overall 
volumetric capacitance, energy and powder density could be much higher. In 
addition, the hybrid materials with graphene sheets could be made into flexible 
form and be used for the flexible energy storage devices (as discussed in Section 
1.3.4). 
1.4.3.3 Other Oxides 
    (1) Ruthenium Oxide. 
RuO2 is one of the mostly studied metal oxide materials for supercapacitor 




accessible distinct oxidation states, wide potential window (up to 1.2 V) and 
highly reversible redox reactions, have been recognized and utilized for energy 
storage applications extensively for the past 30 years.[2, 13] When used as 
supercapacitor electrode, RuO2 shows remarkably high specific capacitance, 
high stability, long cycle life, and high rate capability.[173, 174] The key factors in 
obtaining high electrochemical performances from RuO2 based supercapacitor 
materials are surface morphology, water content in the hydrous RuO2, the 
degree of crystallinity and the particle size. 
Similarly as the other electrode candidates, a higher surface area will enhance 
the chance of surface reactions. Therefore, methods such as growing RuO2 on 
rough substrate, coating thin RuO2 films on light weight backbones and creating 
electrolyte accessible micropores to increase surface areas have been 
explored.[175-179] One example of such structures is the hydrous RuO2 
(RuO2xH2O) thin films that were electrodeposited on the titanium substrates. 
Benefitting from the highly porous surface (Figure 1-11a), such structure 






Figure 1-11. (a) SEM image of electrodeposited hydrous RuO2 thin film; (b) 
Specific capacitance of the hydrous RuO2 thin film electrodes calculated from 
CV against the scanning rates. Reproduced with permission from [177]. 
Copyright © 2008 Elsevier. 
 
It has been reported that water content has an effect on the capacitance of 
hydrous RuO2.
[180] The hopping of H+ ions between H2O and OH
- sites in the 
hydrous compound could promote the cation diffusion in such hydrated 
materials. Thus, the hydrogen atoms in the hydrous RuO2 are mobile and the 
combined water molecules in the hydrous RuO2 could enhance the diffusion of 
cations in the electrode-electrolyte interface.[180] The capacitance of 900 F g-1 
for RuO20.5H2O is dropped to 29 F g-1 for RuO20.03H2O.[181] The 
electrolytically formation of RuO2xH2O is found to be effective to maintain a 
high level of water content.[182] 
Both amorphous and crystallized RuO2 have been demonstrated with high 
capacitance, while the pseudocapacitive behaviors are largely dependent on the 
nature of the electrolyte.[183] When amorphous RuO2 material is tested in H2SO4 
electrolyte, a specific capacitance of 720 F g-1 was reported.[183] By calcination 
at 200 C, a crystallized  RuO2 could be obtained, which has been reported with 
a specific capacitance of 710 F g-1 in KOH electrolyte.[184] A highly crystallized 
material exhibits a higher degree of structural stability, i.e., less structural 
expansion and contraction compared to the amorphous counterpart. Therefore, 
the diffusion of protons into the bulk is limited. As a result, the reversible redox 
reactions occurs only at the surface of the highly crystallized RuO2. On the other 
hand, for amorphous RuO2, in addition to surface redox reactions, redox 




been reported with a higher capacitance than that of crystallized RuO2 when 
using same electrolyte.[183] 
Refined particle sizes are preferred for supercapacitor applications for three 
reasons: higher surface area, shorter ion diffusion path and easier proton 
transport in the bulk. In the case of RuO2, smaller particle sizes have been 
reported to be associated with higher gravimetrical capacitance.[182, 185, 186] By 
growing RuO2 crystals on CNT surface, the particle size could be reduced into 
a few nanometers and generated a capacitance of 900 F g-1.[187] By further 
increasing the specific surface area through structural optimization, the 
capacitance was demonstrated to reach 1300 F g-1, which is close to its 
theoretical value (1358 F g-1).[182, 188-190] 
    (2) Nickel Oxide/Hydroxide. 
Nickel oxide (NiO) is considered an attractive electrode material for 
supercapacitor application in alkaline electrolytes,[191-193] as RuO2 performs in 
acidic electrolytes (e.g. H2SO4)
[184] and MnOx shows higher capacitance in 
neutral electrolytes (e.g. Na2SO4).
[130] NiO can be synthesized easily, and is 
friendly to environment and has relative high capacitance (theoretical 
capacitance is as high as 3750 F g-1).[194] The redox reaction of NiO in a KOH 
electrolyte can be summarized as:[195, 196] 
NiO + OH-  NiOOH- + e-                                                                                         (1.10) 
The challenge of obtaining good performance from NiO is to improve its poor 




as pure NiO is an insulator with a bulk band gap of ~3.4 eV.[197] One approach 
is to develop a hierarchical porous texture for better ion accessibility, from 
which the capacitance retention ability is much improved.[198, 199] Another more 
common approach is to synthesize NiO/carbon based composites, through 
which the carbon-based materials could help improve the overall electrical 
conductivity.[112, 196] For example, by synthesizing rGO/CNT/NiO 
nanocomposite materials, the electrical conductivity of the composite is 
significantly improved by rGO and CNT. In addition, more redox active sites 
of NiO are created due to the restricting effect of rGO[200]. High capacitance 
(1180 F g-1 at 1 A g-1) and excellent cycling ability (95% retained after 2000 
cycles) are thus obtained. 
    (3) Iron Oxides. 
Iron oxides (Fe2O3 and Fe3O4) are being widely studied due to their low cost 
and minimal environmental impact, and most importantly, their potential as 
negative electrode materials for ASCs.[24, 33, 35, 201] The electrical conductivity of 
Fe3O4 is much better than that of Fe2O3 (10
2-103 vs. 10-14 S cm-1 at room 
temperature).[202] Thus, the fabrication techniques for them and their 
electrochemical performances as supercapacitor electrodes are quite different.[2] 
For Fe2O3, most studies are the composite-type materials that are based on Fe2O3 
and conductive substrates or backbone materials.[33, 35, 201] For example, through 
the incorporation of CNT onto -Fe2O3 nanospheres, the conductivity is 
improved through better ion diffusion.[203] Such -Fe2O3/CNT composite 




high specific energy density and power density of 50 Wh kg-1 and 1000 W kg-
1, respectively. However, the poor charge transportation within the -Fe2O3 is 
still limiting the reaction  kinetics, which gave rise to a very low retention rate 
(capacitance dropped from 100 to 8 F g-1 when scan rate of CV was increased 
from 2 to 200 mV s-1).[203]  
Fe3O4 has been intensively studied for application in supercapacitors, although 
it was reported to give a capacitance of lower than 100 F g-1.[2, 112] Recent studies 
have however shown that by optimizing the morphology, its capacitance could 
be much improved. For example, Fe3O4 film synthesized by a hydrothermal 
process has demonstrated a capacitance of 118.2 F g-1 in neutral electrolyte. In 
addition, by making use of the synergistic effect of rGO and Fe3O4, the 
capacitance could be further improved (350.6 F g-1 at 1 mV s-1 and 157.6 F g-
1 at 100 mV s-1).[201] 
1.5 Project Motivations and Designs 
Energy storage is one of the key parameters in the entire energy chain, where 
there is a challenge caused by the shortage of sustainable energy sources. Apart 
from batteries and traditional capacitors, high performance supercapacitors are 
required to fill a big gap in efficient energy storage.  
Supercapacitors have the very attractive advantages such as high power density, 
fast charge-discharge rate and long cycle life. However, their applications are 
strongly restricted by the relatively poor energy density, as has been discussed 
above. Currently one of the most effective ways to increase energy density is to 




growth of market in flexible and wearable electronic devices requires energy 
storage devices not only to be stored with high energy and charged within a short 
period but also with mechanical flexibility. Upon examining the recently published 
works of all available electrode materials, one cannot find a perfect choice that can 
satisfy all requirements for the supercapacitor electrode. All the previously studied 
materials have certain disadvantages that need to be overcame. For example, the 
capacitance of MCMs is low due to its dominant EDLC charge storage mechanism; 
the electrical conductivity for manganese oxide remains as a big problem even 
though it has a high theoretical capacitance. Based on the pros and cons of the 
currently available electrode materials, my research project has been designed as 
follows (see Figure 1-12): (i) to study and optimize the performances of a few 
individual candidates for both negative and positive electrode materials; and (ii) to 
choose the best ones to form a flexible high performance ASC. 
 
Figure 1-12. Mind map of developing individual components and ASC devices. 
 
The strategies and objectives for each chapter are briefly listed as follows: 




As mentioned in Section 1.4.1.3, nitrogen doping of MCMs could provide 
pseudocapacitance and improve the electrical conductivity. However, the level 
of nitrogen doping has a strong impact on the resultant structure such as the 
average pore size, ordering of the pore structure, specific surface area and the 
pore volume. Therefore, the nitrogen doping level should be optimized in order 
to obtain the optimum structure and electrochemical performance. In addition, 
the effect of nitrogen doping on the electrical conductivity and specific surface 
area, and the interaction among them needs to be understood. 
(2) Surface Area and Loading Mass Improvement of MnOx Based Electrode 
(Chapter 4). 
As mentioned in Section 1.4.3.1, surface area and loading mass are two 
important factors that could influence the electrochemical properties of MnOx-
based electrodes. We have therefore conducted investigation aiming at 
improving both surface area and loading mass through structure design and 
nano-architecting for the MnOx nanosheets grown on the conductive Ni foam 
substrate. 
(3) Optimization of MnOx Nanomaterials by Processing Control (Chapter 
5). 
MnOx is a promising candidate for positive electrode of ASCs. Several different 
morphologies of MnOx materials have been discussed in Section 1.4.3.1, it is 
noticeable that nanomaterials’ size and morphology have a great impact on their 
properties. Therefore, it would be important to optimize these two parameters 




(4) Hybrid Mn3O4/rGO Paper for Flexible ASCs (Chapter 6). 
Hybrid-type active materials could effectively synergize the advantages of 
constituent materials while eliminating some of the disadvantages. The hybrid-
type Mn3O4/rGO paper is investigated as a solution to the poor electrical 
conductivity of MnOx. In addition, rGO sheets are a good candidate for flexible 
substrates in supercapacitors. Through combining MnOx nanomaterials with 
rGO sheets, one has a good opportunity to create a flexible and conductive paper 
with good pseudocapacitive performance as positive electrode in flexible ASCs. 
(5) Hybrid Fe2O3/rGO Paper for Flexible ASCs (Chapter 7). 
As mentioned in Section 1.4.3.3, Fe2O3 is a good candidate for negative 
electrode material. However, it suffers from poor electrical conductivity and 
therefore very low capacitance. RGO sheets have been well studied as they are 
electrical conductive and flexible (section 1.4.1.2). Therefore, by combining 
these two, the rGO sheets could improve the overall electrical conductivity of 
the hybrid paper and in the meantime, Fe2O3 nanoparticles could act as spacers 
to prevent restacking or rGO sheets. 
1.6 Research Objectives 
By systematically investigating into the types of materials listed above, the 
objectives of this project are listed as follows: 
(1) To develop the new types of materials of supercapacitor electrodes that 




project, N-doped mesoporous carbon and other carbon-based materials, 
MnOx of different forms and Fe2O3-based materials are chosen.  
(2) To understand and overcome the current limitations of the 
supercapacitor electrode materials selected in this project, and to 
improve their overall electrochemical performances. 
(3) To establish the effects of the key processing parameters in the selected 
systems on the resultant structures and electrochemical properties, with 
strong reference to various MnOx materials. 
(4) To re-visit the key principles governing the energy storage of these 
materials and pave the way for the development of next generation 
supercapacitors of high performance. 
(5) To develop the new prototypes of high performance flexible ASCs that 
could lead to wide application for supercapacitors.  
(6) To establish the performance of the new ASC prototypes and understand 





Chapter 2. Experimental Section 
This chapter describes the materials, experimental methodologies, and 
characterization techniques used in this thesis. Chemicals involved in all 
experiments are introduced in Section 2.1. Materials synthesis methods are 
described in Section 2.2, followed by the characterization techniques presented 
in Section 2.3.  
2.1 Materials  
D-Fructose(≥98%), dicyandiamide (DCDA) (99%), Pluronic® F127 triblock 
copolymer (Mw = 12 600, EO106-PO70-EO106), carbon black (≥99.95 %), 
poly(tetrafluoroethylene) binder (PTFE)(1 μm particle size), Pyrrole (≥98%), 
FeCl3 (≥99.99 %), Na2SO4 (≥99%), KMnO4 (≥99%), KOH (≥85%), anhydrous 
acetonitrile (99.8%), 1-Ethyl-3-methylimidazolium tetrafluoroborate (≥97%) 
and KBr (≥99%) were purchased from Sigma-Aldrich.  
Ni foam was purchased from Latech Scientific Supply Pte. Ltd. Graphene oxide 
(GO) aqueous dispersion of 5 g L-1 was purchased from Graphene Laboratories 
Inc. Carbon Nanotube (CNT) water dispersion was purchased from 
Nanostructured & Amorphous Materials, Inc. Ethanol (99.0%) and Sodium 
hydroxide (NaOH) were purchased from Merck. Reference electrode (Ag/AgCl) 
was purchased from Bio-Logic EC-Lab®. Deionized water was used as aqueous 
solvent. Teflo PTFE membrane of 30 µm thickness is purchased from Pall 





2.2 Materials Synthesis  
The respective methods of materials synthesis and device fabrications are 
described in the corresponding chapters.  
2.3 Characterizations  
2.3.1 Chemical and Composition Analysis  
Fourier Transform Infrared (FT-IR): FT-IR spectra were recorded on a Varian 
3100 FT-IR spectrophotometer (Excalibur series, US). Samples were prepared 
by casting pellets from sample/KBr mixtures. The sample chamber was purged 
for 10 min with dry air to remove environmental moisture. 64 scans were signal-
averaged with a resolution of 4 cm-1 at room temperature.  
X-ray Photoelectron Spectroscopy (XPS): XPS spectra were taken by using an 
Axis Ultra DLD X-ray photoelectron spectrophotometer equipped with an Al 
Kα X-ray source (1486.69 eV).  
Powder X-ray Diffraction (XRD): XRD patterns were measured by a powder 
diffractometer (Bruker D8 Advanced Diffractometer System) with Cu Kα 
(1.5418 A) source.  
Thermogravimetric Analysis (TGA): SDTQ600 instrument were used for TGA 
studies. The chamber was purged with air (60 ml/min) and heated from room 
temperature to 800 ℃ with heating rate of 10 ℃/min. The samples were dried 




Elemental Analysis: An Elementar barrio MICRO cube were used as CHNS 
(Carbon, Hydrogen, Nitrogen and Sulphur) elemental analyzer for the 
determination of hydrogen, carbon and nitrogen contents of the mesoporous 
carbon and nitrogen doped mesoporous carbon samples. 
Raman scattering spectra were recorded on a LABRAM-HR Raman 
spectrometer excited with 514.5 nm Ar+ laser. 
2.3.2 Morphological Studies  
Scanning Electron Microscopy (SEM): Field emission Scanning Electron 
Microscopy (SEM SUPRA 40 ZEISS, Germany) was performed to characterize 
the morphology of material samples. The SEM samples were prepared by 
dropping the particle solutions on Cu foil covered aluminum stubs and left to 
dry overnight. Before imaging, the powdered samples were sputtered with ~4 
nm of gold to improve the conductivity for more effective and good quality 
image acquisition. Carbon-based samples were viewed under an accelerating 
voltage of 5 kV and other samples were viewed under an accelerating voltage 
of 15 kV.  
Transmission Electron Microscopy (TEM): A TEM (JEOL 100CX 2010F, 
Japan) with accelerating voltage of 200 kV was used to investigate the 
morphology and crystal structures of nanoparticles. Selective-area electron 
diffraction (SAED) patterns of the nanocrystals were obtained using TEM at an 
accelerating voltage of 200 kV. Energy dispersive X-ray spectroscopy (EDS; 
INCA, Oxford Instruments, Oxfordshire, UK) was used to detect the elemental 




dispersed solution of nanoparticles (by ultrasonication) onto carbon-coated 
copper grids (Cu-400CN, Pacific Grid-Tech, San Francisco, CA) and then left 
to dry on an absorbent filter sheet. TEM samples were stored in a vacuum 
desiccator overnight before use.  
Hydrodynamic size and zeta-potential: The hydrodynamic size and zeta 
potential of nanoparticles were measured using a Malvern Zetasizer Nano-ZS. 
Specific surface area: N2 adsorption isotherms in the high relative pressure 
(P/P0) range from 0.03 to 1 were measured on the Surface Area and Porosity 
Analyzer (ASAP 2020). Before the measurement, all samples were degassed at 
120℃ for more than 6 hours. Measurements in the low P/P0 range from 0 to 
0.01 using CO2 adsorption at 298 K were also conducted for selected samples 
to characterize the micropore structure. The specific surface area was calculated 
by using Brunauer-Emmett-Teller (BET) method. The pore size distribution 
was calculated based on the Barrett-Joyner-Halenda (BJH) model for 
mesopores, and the Dubinin-Astakhov model for micropores. 
2.3.3 Electrochemical Measurements  
For powdered samples, working electrodes were prepared by mixing the 
samples (dry powder form) with carbon black and poly(tetrafluoroethylene) 
binder (PTFE) at the ratio of  80:10:10 wt. % (sample: carbon black: PTFE). 
The mixtures were then added into 2 ml ethanol (99.0%) and stirred overnight 
to get well dispersed slurries. The slurries were then dropped onto Ni foam 





For three electrode measurement system, a Pt plate and Ag/AgCl electrode were 
used as the counter electrode and the reference electrode, respectively. For two 
electrode measurement system, two pellets with the same sample weight and 
dimension were prepared for each standard Swagelok®2-electrode cell 
configuration.  
Cyclic Voltammetry (CV), Galvanostatic Charge-Discharge (CD) measurement 
and Electrical Impedance Spectroscopy (EIS) were conducted using Auto 
Lab PGSTAT30 at room temperature in a faradic cage for Chapter 3 and 
Solartron System 1470E and 1400A for the rest chapters. The frequency range 
of impedance test is from 106 to 0.1 Hz. 
For ASCs tested in flexible packaging, after matching the capacitance of 
positive and negative electrodes (through adjusting the size of the MG nano-
hybrid or rGO paper), the two electrodes were assembled into Aluminum soft 
packing for capacitance and impedance tests in aqueous electrolyte (1 M 
Na2SO4 aqueous solution) or ionic liquid electrolyte (1 M 1-Ethyl-3-
methylimidazolium tetrafluoroborate (C6H11BF4N2, 04365, [143314-16-3]) in 
acetone nitrile solution). The cathode and anode area used is around 1-2 cm2. 
Nylon membrane of 52 µm and PTFE membrane of 30 µm in thickness were 
used as separators for ASCs tested in aqueous electrolytes in Chapter 6 and 





Chapter 3. Nitrogen Doping of Mesoporous Carbon Materials 
3.1 Introduction 
Mesoporous carbon is one of the most promising electrode materials for 
supercapacitors, due to its high and tunable specific surface area, chemical 
stability, relatively low cost, quick charge capability, and high recyclability.[79, 
204] There have therefore been considerable efforts to develop carbon-based 
electrodes for high performance supercapacitors.[205] For electrical double layer 
capacitance (EDLC), the electrode material is required to possess a good 
electrical conductivity and chemical stability, besides the high specific surface 
area and controlled pore configuration.[206] In addition to the EDLC, 
pseudocapacitance arising from certain transition metal oxides and hydroxides 
has also been investigated. Heteroatoms, such as oxygen and nitrogen 
introduced into carbon-based materials, have been shown to improve the overall 
specific capacitance by providing pseudocapacitance.[52] 
In the case of nitrogen (N)-doping, pseudocapacitance charge transfer is realized 
through the nitrogen atoms acting as the electron donor and the enhanced 
basicity of the carbon electrode material.[80, 207] Moreover, doping nitrogen into 
carbon can increase electrical conductivity, which provides higher 
charge/electron carrier mobility.[4, 79] Apart from acting as an electron donor, 
nitrogen also affects the average pore size, pore size distribution, specific 
surface area and pore volume of carbon-based materials, as has been reported 
by Zhao’s group.[4] Although high surface area is expected to contribute 




necessarily be the only key factor leading to high capacitance for N-doped 
carbon electrode.[79] In general, a high surface area will cause a degradation to 
the electrical conductivity and limits the volumetric capacitance. However, to 
what extent will the surface area and electrical conductivity contribute to overall 
specific capacitance still remain questionable. Therefore, a systematic 
investigation to find out how N-doping affects these contributing parameters to 
the overall capacitance and to understand the interactions among them is of 
tremendous interest.  
There are two general categories of synthesis strategies to develop mesoporous 
carbon: hard template and soft template techniques. Both of them have been 
studied extensively for mesoporous carbon-based materials.[208] To synthesize 
N-doped mesoporous carbon using hard templates, typical multi-steps are 
required, which are often costly and time-consuming. Taking mesoporous silica 
as an example of hard template, carbon and nitrogen precursors are first 
assembled into the hard template channels by processes such as infiltration, 
chemical vapor deposition at high temperature or nanocasting. The hard 
templates have to be removed by chemical or thermal etching, upon successful 
development of the desired mesoporous carbon structure.[209, 210] In contrast, soft 
template approaches require pyrolysis or hydrothermal treatment at relatively 
low temperatures, which enable a better control on the mesoporous structure 
and tuning in the level of N-doping.[209, 211] In general, the soft-templating 
approaches involve the transformation from carbon precursors, e.g. 
carbohydrates, to an ordered porous carbon structure, at low temperatures (120 




annealing at intermediate temperatures (550 to 950 oC).[212, 213] At the low 
hydrothermal temperature, block copolymers, such as Pluronic® F127 as soft 
template, can remain relatively stable. Therefore, the required structure ordering 
for carbon can be preserved. Upon thermal annealing at intermediate 
temperatures, the soft templates are decomposed, leaving behind a highly 
ordered pore structure and N doping into the mesoporous network. The 
mesoporous structure, electrical conductivity and specific capacitance of the N-
doped carbon are strongly dependent on the level of N-doping in carbon.[4, 79, 
214]  
In this chapter, mesoporous carbons doped with different amounts of nitrogen 
are developed via a soft-templated hydrothermal route, where DCDA is 
employed to react with D-Fructose to produce N-doped mesoporous carbon, 
while F127 is used as a soft template. Variation in the amount of N-doping gives 
rise to changes in the level of porosity and electrical conductivity, which help 
to understand the effect of N-doping level on the electrochemical behavior.  
3.2 Synthesis Methods 
D-Fructose and dicyandiamide (DCDA) were used as the starting materials for 
carbon and nitrogen, respectively, and Pluronic® F127 triblock copolymer (Mw 
= 12 600, EO106-PO70-EO106) as the soft template. DCDA is chosen as the 
nitrogen precursor, as it can react with D-Fructose under the hydrothermal 
condition, giving rise to the desired N-doping in mesoporous carbon. F127 (0.30 
g) and different amounts of D-Fructose (1.70, 1.65, 1.60, 1.40, 1.20 and 1.10 g) 




deionized water. The solution was then heat-treated in a sealed stainless steel 
autoclave at 130 °C for 3 days. The product was then washed and dried. Dark 
brown carbon-based powders with different nitrogen contents were then 
obtained. The resultant powders were thermally annealed in Ar gas at 550 °C 
for 2 hours to remove the template. 
3.3 Results and Discussion 
3.3.1 Microstructure and Chemical Composition Characterizations 
N-doped mesoporous carbon samples were synthesized as described earlier. The 
sample without N-doping is coded as NC0, while those derived from 0.05, 0.10, 
0.30, 0.50 and 0.60 g of DCDA are coded as NC1, NC2, NC3, NC4, NC5, 
respectively.  The amount (wt. %) of N-doping in each sample and the detailed 
N-C bonding are studied by both Elemental Analyzer CHNS and X-ray 
Photoelectron Spectroscopy (XPS). The weight percentages of C, H, O, N and 
the fractions of the four types of nitrogen atoms in each sample are summarized 
in Table 3-1. The N content increases dramatically from 0 to 14.50 wt. % as the 
mass ratio of DCDA to D-Fructose in the starting material increases from 0 to 
0.50, while O content maintains at a relatively stable level (11.30 to 15.70 wt.%). 
When further increasing the addition of DCDA to 0.70 g, it is found that DCDA 
could not be fully dissolved and the N-content dropped to 10 wt. %. Thus, the 
tunable range of N-doping is from 0 to 14.50 wt. %. XPS results for N bonding 
in the mesoporous carbon samples are shown in Figure 3-1. There are four types 
of N atoms in carbon, which are differentiated based on their binding energies: 




pyridine-N-oxide (403 eV).[215]  Based on the intensity of the XPS peaks, the 
fractions of these different types of N atoms are calculated (see Table 3-1). The 
majority of N appears to exist as pyridinic-N and pyrrolic-N. The full XPS 
spectra are also shown to indicate the purity of the samples (Figure 3-1c). The 
amounts of C, N and O calculated from XPS are given in Table 3-2 for 
comparison.  
Table 3-1. Chemical composition for mesoporous carbon samples obtained 
from CHNS elemental analyzer, and the fractions of different types of N in each 
N-doped mesoporous carbon sample, calculated from XPS results. 
 
Table 3-2. Surface chemical composition for mesoporous carbon samples, 
calculated from XPS results. 
Sample Chemical Composition (wt. %) Fraction of different type of nitrogen (% ) 






NC0 82.2 3.6 14.2 0 - 
NC1 78.9 2.6 13.0 4.5 41.4 41.3 9.3 8.0 
NC2 76.2 2.6 15.2 6.0 42.8 55.7 1.5 - 
NC3 72.2 2.6 15.7 9.5 50.3 44.1 - 5.6 
NC4 70.2 2.7 15.1 12.1 51.5 45.8 - 2.7 










Figure 3-1. XPS spectra for N-doped mesoporous carbon samples: (a) different 
levels of N-doping in carbon; (b) NC1 for demonstration of peak fitting for 
nitrogen and (c) full XPS spectra for all samples. 
 
Sample Surface Chemical Compositions (wt.%) 
 C N O 
NC0 51.7% 0.0% 48.3% 
NC1 54.4% 6.6% 39.0% 
NC2 46.7% 10.6% 42.7% 
NC3 44.3% 16.3% 39.4% 
NC4 44.2% 18.9% 36.9% 




Figure 3-2 shows the reaction scheme between DCDA and Fructose to give rise 
to mesoporous carbon doped with N at different positions, determined on the 
basis of XPS results. The C=O bond in Fructose can be easily broken and linked 
to another carbon atom marked in red.[216] By this reconstruction, an open chain 
Fructose is transformed to a closed 5-member-ring Fructose molecule. At the 
C=O breaking step, DCDA joins the carbon structure. Although DCDA does not 
possess any N-O bonds, the reaction with the carbon precursor leads to C-OH 
group.[80] Pyridine-N-oxide bond is therefore formed.  
 
Figure 3-2. Reaction scheme between DCDA and D-Fructose, leading to the 
formation of N-doped carbon. 
Among the different N-C and C-N-O bonded N atoms, pyrrolic-N is known to 
contribute to electrochemical behavior mostly as it reduces the band gap of 
carbon, according to a theoretical study.[217] In addition, nitrogen can act as 
electron-donor during the charge-discharge process, which is similar to its 
catalytic property in carbon. Therefore, the charge carrier or electron mobility 
is improved.[217] Nevertheless, pyrrolic-N is the most significant electron-
donor,[218] when nitrogen becomes a member of the carbon ring, it participates 
in the π bonding de-localization causing a shift in charge potential to negative 




synthesizing supercapacitance electrode material as it introduces a high level of 
pyrrolic-N to carbon matrix. 
TEM images for samples NC0, NC1, NC2, NC3 show a clear trend that the 
degree of structure ordering in mesoporous structure is gradually reduced 
(Figure 3-3a to d) with the increasing amount of nitrogen precursor added (i.e., 
at a higher N wt.% in carbon). With 0.30 g of DCDA added in NC3, little 
ordering in pore structure was preserved, and the sample surface became rather 
rough (Figure 3-3d). No ordering were observed from samples NC4 and NC5 
(Figure 3-3e and f). Similar results have also been reported previously by Zhao’s 
group.[4] It is well due to the increasing amount of nitrogen functional groups 
on the carbon surface that causes expansion of the mesopores in certain 
directions, therefore, leading to the distortion of the original ordering structure. 
Nevertheless, by using the synthesis approach in this work, one can maintain 
the wanted structure order at mesoscale with a high level of N-doping (6.0 wt.%). 
This is a significant improvement over what has been reported in previous work, 
where mesostructure collapses when the amount of N incorporated in carbon 





Figure 3-3. TEM images of: (a) NC0, (b) NC1, (c) NC2, (d) NC3, (e) NC4 and 
(f) NC5. 
 
Based on N2 adsorption results, when N-doping level is not higher than 6.0 wt.% 
(NC1, NC2), the surface area and pore volume, as well as nitrogen sorption 
isotherms, are of similar behavior as the un-doped carbon (NC0) (Figure 3-4). 
However, drastic increase in both surface area and pore volume take place when 
the N amount reaches 9.5 wt. % and above. On the basis of IUPAC (International 
Union of Pure and Applied Chemistry) classification of the hysteresis loop for 
desorption isotherms, samples NC0, NC1, NC2 and NC3 are of type H4 
hysteresis loops, while NC4 and NC5 show a transit from type H4 to H3 
hysteresis loops.[220, 221] Both type H3 and H4 hysteresis loops are associated 
with slit-shaped pores while type H4 always appears for materials with narrower 
slit-shaped pores, containing both micropores and mesopores.[221] In addition, 












and NC3. They are often associated with the porous solids where narrow pore 
constructions are expected.[222] This proves that N atoms can cause pore 
expansion. However, narrow pores give rise to a higher packing density of the 
electrode as well as a higher specific capacitance due to the small separation 
between the carbon walls, based on equation,  
C= εA/d,                                                                                                       (3-1) 
where ε, A and d are the electrolyte dielectric constant, electrode surface area 
accessible to electrolyte ions, and the separation between electrolyte ions and 
carbon, respectively. Although it was believed that mesopores of larger than 
those of electrolyte ions in sizes were favored for electrochemical storage 
previously,[223, 224] it has been well demonstrated that electrolytes could access 
pores that are less than 1 nm in dimension.[225] Thus, narrow pores are preferred 
in this case as they could increase EDLC without limiting the electrolyte 
accessibility. Measurement results of pore size distribution for NC4 and NC5 





Figure 3-4. (a) Nitrogen sorption isotherms; and (b) Specific surface area and 
total pore volume of N-doped mesoporous carbons with different N wt.%. For 
clarity, NC1 and NC0 have been offset by 50 and 100 cm3 g−1, respectively; (c) 
pore size distribution measured for NC2, NC4, NC5 based on N2 desorption 
data.  
 
In NC2, there is no obvious peak within the mesoporous region. Measurement 
of CO2 adsorption at 298 K in the relative pressure range (P/P0) from 0.00 to 
0.01 shows that, pores are largely distributed in the range of 1 to 2 nm (Figure 
3-5a and b). With increasing level of N-doping in carbon, the ordered pore 
structure is degraded, where both pore size and specific surface area (increased 
from about 400 to 730 m2 g-1, as shown in Figure 3-4b) demonstrate an increase, 
as shown by the TEM and CO2/N2 adsorption studies. Specific surface area for 
all pre-annealed samples is below 10 m2 g-1 (see the N2 isotherm for pre-
annealed NC2 in Figure 3-5c), confirming that the thermal annealing at 550 °C 
had successfully removed the soft template and established the pore structure. 


















































































































In the formation process of nanopores, Fructose is believed to be absorbed in 
the initial stage via H-bonding provided by the PEO chains in F127,[212] 
followed by the generation of polyfuran-like network during hydrothermal 
process, which becomes the “template”.[213] 
 
Figure 3-5. (a) CO2 adsorption isotherm plot; (b) pore size distribution for 
sample NC2 and (c) N2 Adsorption isotherm plot for not annealed NC2. 
 
3.3.2 Electrochemical Characterizations 
In this chapter, the two-electrode cell configuration is used for electrochemical 
characterizations and gives a good measure of performance for electrochemical 
capacitors.[226, 227] For both CV and galvanostatic CD, the measurement voltage 
was controlled in the range of -1 to 0 V. Scan rates of 1, 5, 10, 25 and 50 mV s−1 
were used for CV, while the current densities of 1, 2, 5 and 10 A g−1 were used 

























































































for CD measurement. 6 M KOH aqueous electrolyte is used for all 
electrochemical tests in this chapter. 
Other than specific surface area, another important parameter that affects the 
capacitance is the electrical conductivity. The impedances for all samples were 
measured using EIS.  The Nyquist plots of the imaginary component (Z’’) of 
impedance against the real component (Z’) show the frequency response (0.1 to 
1,000,000 Hz) of the electrode/electrolyte (Figure 3-6a). Based on the Nyquist 
plots, one could obtain the internal resistance of the electrode by taking the 
interception of the curve to Z’ axis.[69] In addition, the IR drop per unit time has 
been calculated from the 1 A g−1 of galvanostatic CD measurement result, which 
is also a good indication of the internal resistance of the electrode.[226] Both of 
these results are plotted against the nitrogen content (Figure 3-6b). A strong 
dependence of electrical resistance (conductivity) on N-doping level is observed, 
where the minimum resistance is obtained when the level of N-doping is 6.0 
wt.%. 
 
Figure 3-6. (a) Nyquist plots from impedance tests; (b) Internal resistance and 





As mentioned earlier, specific surface area affects the electrical resistance of the 
mesoporous materials.[79] When these two parameters are both plotted against 
the N-doping level (Figure 3-7), the surface area does not change much as the 
level of N-doping increases in the grey region, where the level of N-doping is 
no more than 6.0 wt.%;  On the other hand, electrical resistance drops with 
increasing level of N-doping, as expected.[4, 79] When the specific surface area 
starts to increase drastically at higher levels of N-doping (starts from 9.5 wt.%), 
the resistance ceases to decrease and then starts to increase. This proves that a 
higher surface area reduces the electrical conductivity, which helps explain the 
change of specific capacitance with increasing level of N-doping, as further 
discussed later. 
 
Figure 3-7. Specific surface area and internal resistance of samples NC0, NC1, 
NC2, NC3, NC4 and NC5. 
 
Between the two major contributors to the overall specific capacitance, the ratio 
between EDLC and pseudocapacitance can be estimated by comparing the area 
of the largest rectangle in CV curve with the area of the remaining part (Figure 




EDLC remains relatively unchanged under different voltages applied. 
Meanwhile, the part that varies with the applied voltage corresponds to 
pseudocapacitance. Note that this method of distinguishing between EDLC and 
pseudocapacitance is not the most accurate as the position of the rectangle drew 
is not fixed. In this work, the rectangles are drew to overlap with the CV curve 
of NC0 as much as possible, thus to provide an acceptable relative value for 
comparison among the NC serious samples. Figure 3-8b shows that, before the 
N-doping level reaches 6.0 wt.%, EDLC increases with increasing N-doping 
level. This is due to the increase in electrical conductivity solely, as the specific 
surface area for NC0, NC1 and NC2 are very close to each other (Figure 3-7). 
However, when N-doping level reaches 6.0 wt.% and above, EDLC starts to 
drop, due to the quenching of electrical conductivity by surface area as 
discussed earlier. Thus, the maximum EDLC contribution is obtained at 6.0 wt.% 
of N-doping, resulted from compromised surface area and electrical 
conductivity. For pseudocapacitance, as the oxygen content in different samples 
are relatively close to each other (Table 3-1), the increase in pseudocapacitance 
with the level of N-doping can, therefore, be attributed to the presence of N. 
Compared to the un-doped sample, N-doping has introduced a great 
enhancement in pesudocapacitance even at the relatively low doping level. A 
drastic increase in pseudocapacitance is observed when the level of N-doping is 
increased from 4.5 to 9.5 wt.%, and then falls to a slightly lower level when N-
doping is further increased. This indicates that when the level of N-doping 
reaches about 10 wt.%, the contribution from pseudocapacitance has been 
saturated. For the un-doped sample, the small amount of pesudocapacitance (25 




groups are due to high oxygen content in D-Fructose. Oxygen has been reported 
to be able to enhance the pesudocapacitance due to their acidic character that 
can introduce electron-acceptor properties.[230] The detailed reactions between 
the electron donor (the nitrogen functionalities) and the electron acceptor 
(mainly the oxygen functionalities) is still being studied by the group, as well 
as the optimization of the co-doping to improve supercapacitance. 
 
Figure 3-8. (a) Cyclic voltammetry curve for NC2 at the scan rate of 25 mV s−1 
divided into EDLC and pseudocapacitance portions, for demonstration and (b) 
Specific capacitance from EDLC and pseudocapacitance plotting against 
nitrogen content in CV tests at 25 mV s−1, all measured with 6 M KOH aqueous 
electrolyte 
 
Figure 3-9a and b show the CV and CD curves for samples NC0, NC2 and NC4, 
at 25 mV s−1 and 1 A g−1, respectively. It is observed that the N-doped 
mesoporous carbon, especially NC2, exhibits a much larger CV loop and slower 
charge and discharge rate than those of the un-doped NC0. The overall specific 
capacitances, calculated from CV tests at 1 mV scan rate, and CD tests at 1 A g-
1 current density, are calculated and plotted in Figure 3-9c and d for all samples. 




sample weight was tested. CV curves at each scan rate for N-doped samples and 
the sample of activated carbon are detailed in Figure 3-10 and 3-11.  
 
Figure 3-9. (a) CV curves for NC0, NC2 and NC4 at the scan rate of 25 mVs−1. 
(b) galvanostatic CD curves for NC0, NC2 and NC4 at the current density of 1 
A g−1. Specific capacitance plot against nitrogen content for (c) Cyclic 
voltammetry test at 1 mV s−1, and (d) galvanostatic CD test at 1 A g−1. All 
measured with 6 M KOH aqueous electrolyte. 
 
 






















































































Figure 3-10. CV curves for samples NC0, NC1, NC2, NC3, NC4, and NC5, all 




Figure 3-11. CV curves for the sample made of activated carbon of the same 




N-doped carbon samples show significant improvement over the un-doped 
sample, in terms of specific capacitance calculated from both CV and CD 
measurement results (Figure 3-9). Both CV and CD results demonstrate that the 
highest specific capacitance value (191.8 F g−1 at 1 mV s−1 scan rate and 212.0 
F g−1 at 1 A g−1 current density) is obtained in sample NC2 with nitrogen content 
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of 6.0 wt.%. This is due to the maximum EDLC obtained at this level of N-
doping, and the increasing presence of pseudocapacitance when N-doping arise 
from 0 to 9.5 wt.%, followed by the subsequent saturation in pseudocapacitance, 
when N-doping reaches above 9.5 wt.% (Figure 3-8b). Improvement in specific 
capacitance has been obtained as compare with Zhao’s work and Lu’s work, 
under same testing conditions.[4, 79] 
On the basis of the observations discussed above, N-doping appears to have 
triple effects on the specific capacitance of mesoporous carbon, through 
affecting the specific surface area, electrical conductivity and providing 
pseudocapacitance. A moderate N-doping level (around 6.0 wt.%) is 
demonstrated to pose the best electrochemical behavior, due to the presence of 
narrow slit-shaped pore construction with ordering, moderate level of surface 
area (386 m2 g−1), the lowest electrical resistance among the samples, and the 
significant pseudocapacitance induced. The 6.0 wt.% N-doped mesoporous 
carbon materials with a gravimetric capacitance of 212.0 F g−1 at 1 A g−1 current 
density is a promising candidate for negative material of ASCs. However, 
currently we are unable to make it in flexible form. 
3.4 Remarks 
Mesoporous carbons doped with different amounts of nitrogen are successfully 
developed via a templated hydrothermal route, where D-Fructose and DCDA 
are used as the starting materials while Pluronic® F127 is used as the soft 
template. DCDA is incorporated into D-Fructose and the resultant mesoporous 




doping level (from 4.5 to 14.5 wt.%) and specific surface area in the range of 
375 to 730 m2 g−1 are realized by changing the DCDA to D-Fructose ratio. Both 
the specific surface area and electrical conductivity of the N-doped carbon are 
strongly dependent on the level of N-doping. By controlling the level of N-
doping at 6.0 wt.%, a compromise is reached among the specific surface area, 
electrical conductivity and redox reactions, where the highest electrical 
capacitance is obtained. In this chapter, the effect of N-doping and the complex 
interactions among the specific surface area, electrical conductivity and 
pesudocapacitance are demonstrated and clarified, which can serve as a guide 
for future design of high performance supercapacitor electrodes made from 





Chapter 4. Improving the Surface Area and Loading Mass of MnOx 
Based Electrode materials  
4.1 Introduction 
Manganese oxide-based (MnOx) supercapacitor electrode materials are being 
extensively studied as they exhibit high theoretical capacitance, being 
environmental friendly and abundant.[2, 19] However, most of the previously 
investigated systems were having difficulties to achieve a practically high 
specific capacitance, and the typical values reported in powder forms are in the 
range of 100 to 300 F g-1, which is only about 20% of the theoretical value.[128, 
129]  
The charge storage of MnOx is mainly by Faradic reactions occurring on an 
electrode surface with electrolytes, which involves the surface adsorption of 
electrolyte cations on MnOx. Due to the intrinsically low electrical conductivity 
and the surface Faradic reaction, it is desirable to develop a structure with high 
surface area and to be highly electrolyte-accessible.[39] Various thin film-based 
nanostructures, such as hybrid core@shells, sandwiches and nanopillars, have 
been synthesized recently, showing much improved specific capacitance.[143-145, 
231] In terms of synthesis methodology, approaches, such as the template-based 
assembling, wet chemical reaction, and electrochemical deposition, have been 
employed in synthesizing MnOx nanostructures.
[146, 197, 232] However, one of the 
limitations for 2D MnOx-based supercapacitor electrodes is the low mass 




film thickness, the gravimetric capacitance will decrease dramatically, while the 
increase in areal capacitance is also unsatisfactory.[143, 233]  
The redox reaction between the III and IV oxidation states of Mn ions occurs 
spontaneously during the charge-discharge process.[142] Thus both MnO2 and 
Mn3O4 have been widely studied for electrochemical applications, as they are 
showing the best electrochemical performances among the various stable 
manganese oxides (MnO, Mn2O3, Mn3O4 and MnO2).
[3] 
In this chapter, we have developed a new bilayer structure for the MnOx 
growing on Ni foam, where high specific capacitance is obtained with much 
higher mass loading and improved surface area as compared to several 
previously reported structures.[144, 145, 233] Ni foam is an ideal current collector 
which has been used to grow MnO2 or other metal oxides based electrochemical 
materials from aqueous based solutions.[234] The second thin layer of continuous 
nanosheet could be obtained from a gel formation reaction followed by growth 
of MnOx nanocrystals during hydrothermal reaction. Due to the largely 
hydrophobic nature of the Ni foam, the MnOx gel could not be properly attached 
to Ni foam surface during hydrothermal reaction. This is solved by growing the 
first layer MnO2 from KMnO4 solution prior to the second layer deposition, by 
which the wettability is much improved as compare to bare Ni foam. The first 
layer therefore serves mainly as a substrate to grow the second layer and to 
provide the desired charge transfer to the current collector (Ni Foam). Thus, this 
layer needs to be uniform and possess good coverage and adhesion to the Ni 
foam. The second layer is responsible for most of the pesudocapacitance, as it 




bilayer nanoarchitecture therefore delivers much improved electrical 
conductivity and surface area, as well as high ion accessibility, which greatly 
improve the capacitance of MnOx nanosheet with high mass loading.  
4.2 Synthesis Methods  
Step 1: Ni foam was immersed in a 1 M HCl solution for 1 hr to clear the surface 
oxide layer. Cleaned and dried Ni foam was then immersed in 0.1 M KMnO4 
solution and gone through hydrothermal reaction at 200 ◦C for 30 min, 2 hr and 
4 hrs respectively. The resulting samples were washed with deionized water and 
dried in vacuum oven; the Ni form covered with the first layer of MnO2 is then 
obtained (Sample MnO2-1, MnO2-2, MnO2-3). Loading mass of the active 
material is calculated based on the mass gain of the dry Ni foam. 
Step 2: Pyrrole was added into 0.1 M KMnO4 drop wise with ratio of pyrrole to 
KMnO4 of 1 to 4 mol or 1 to 2 mol. A gel was then formed. MnO2-covered Ni 
foam synthesized from step 1 was then immersed into this gel and undergone 
hydrothermal of 120 ◦C for 6 hours or 85 ◦C for 12 hours. The product grown 
on Ni foam was washed with deionized water and dried for further 
characterizations. Powders were scratched off for transmission electron 
microscopy sample preparation. 
4.3 Results and Discussion 
4.3.1 Characterization of the First Layer of MnO2 Nanosheet 
The first layer of MnO2 nanonetwork is formed by hydrothermal reaction of 
directly immersing the cleaned Ni foam in KMnO4 solution. MnO4




reduced and MnO2 could then be formed spontaneously.
[197] MnO2 nanosheets 
with different thicknesses are obtained by controlling the hydrothermal reaction 
time. The second layer of MnOx is developed by a gel formation reaction of 
KMnO4 and Pyrrole, followed by the growth of MnOx nanocrystals on the 
previous MnO2 layer covering Ni foam through further hydrothermal reaction. 
As mentioned above, this step of growth of the active material onto the current 
collector can only be successful when the Ni foam is already covered with a 
uniform thin layer of MnO2, thus the presence of the first layer is necessary. 
Through controlling the hydrothermal reaction temperature and time, either 
MnO2 or Mn3O4 could be harvested. The commonly used cationic surfactant 
CTAB, which is known to assist in nanosheets growth, is also examined.[231] 
The mass loading ratio of the first to second layer is controlled at about 1:3. 
To obtain the optimal thickness of the first MnO2 layer, three samples with only 
the first layer MnO2 grown are compared, coded MnO2-1, MnO2-2 and MnO2-
3, which are obtained by hydrothermal reaction for 30 minutes, 2 hour and 4 
hour, respectively. The SEM image in Figure 4-1a shows good continuity and 
uniform coverage of the first layer, with Ni foam being exposed for contrast. 
When hydrothermal reaction time is too long (sample MnO2-3), the first layer 
becomes too thick, cracks are observed and the nanosheets’ coverage is bad 
(Figure 4-2c). The interface between the first layer MnO2 and Ni foam shows 
that the MnO2 networks bind closely to the Ni foam (Figure 4-1b). Through X-
ray photoelectron spectroscopy (XPS) study, it is confirmed that MnO2 are 





Figure 4-1. SEM images of: (a) MnO2 nanosheets grown on Ni Foam of sample 
MnO2-2, and (b) Side view of first layer MnO2 and Ni foam interface of sample 
MnO2-2; (c) XPS spectra of MnO2-2. 
 
 
Figure 4-2. SEM images of MnO2 nanosheets grown on Ni Foam: side view of 
(a) MnO2-1; (b) MnO2-2; (c) top view of MnO2-3; (d) photograph of cleaned Ni 
foam, MnO2-1, MnO2-2, MnO2-3 from left to right. 
 
































By conducting X-ray powder diffraction (XRD) and Raman spectra, it is found 
that this layer is largely amorphous (Figure 4-3a and 3b).[235] The thicknesses of 
the first layer for the three samples are ~100 nm, 300 nm and 800 nm, 
respectively. The MnO2 mass loading in the three samples were measured to be 
0.3 mg cm-2, 0.6 mg cm-2 and 1.3 mg cm-2, respectively. It is found that a higher 
mass loading gives rise to a higher areal capacitance but a lower gravimetric 
capacitance (Figure 4-3c). In addition, the conductivity drops when this MnO2 
layer became thicker (Figure 4-3d). By considering the combination of coverage, 
both areal and gravimetric capacitance and conductivity, sample MnO2-2 with 
specific capacitance of 267.9 F g-1 and 0.19 F cm-2 is chosen for developing the 
2nd layer MnOx growth. The samples grown on Ni foam of 1.0 cm
2 are directly 
tested as working electrode for electrochemical measurements in 0.5 M Na2SO4 
electrolyte after pressing. A Pt plate and Ag/AgCl electrode were used as the 
counter electrode and the reference electrode, respectively. All potentials were 





Figure 4-3. (a) XRD pattern of sample MnO2-2; (b) Raman spectra for sample 
MnO2-MnOx-1, MnO2-MnOx-3 and MnO2-2; (c) Areal capacitance and mass 
specific capacitance of MnO2-1, MnO2-2 and MnO2-3 under different scan rate. 
(d) Nyquist plot of MnO2-1, MnO2-2 and MnO2-3. 
 
4.3.2 Bilayer Integration and Characterizations 
The two layers of MnOx are integrated onto Ni foam as illustrated by the scheme 
of Figure 4-4a, which also shows that the growth directions of the two layers 
are quite different. In addition, the first layer is of network structure while the 
second layer is of continuous nanosheet structure. The sample derived from 
hydrothermal reaction at 120 ◦C for 6 hours is coded MnO2-MnOx-1 (with ratio 
of pyrrole to KMnO4 of 1 to 4) mol. With CTAB being added during the gel 
formation reaction, the sample is coded MnO2-MnOx-2. The sample derived 
from hydrothermal reaction at 85 ◦C for 12 (with ratio of pyrrole to KMnO4 of 
1 to 2 mol), without CTAB, is coded MnO2-MnOx-3. All the samples were 
thermally annealed in N2 atmosphere at 350
◦C. This moderate annealing 

































































































































temperature is used, as when the crystallinity is too high in MnOx, the 
protonation or deprotonation reaction will be limited, as well as surface area 
loss will be experienced.[2] The pre-annealed sample is coded MnO2-MnOx-1-
pre ANL. 
 
Figure 4-4. (a) Illustration of the two-layer Ni foam-MnO2-MnOx 
nanoarchitecture; XRD patterns of: (b) sample MnO2-MnOx-1 and MnO2-
MnOx-2, and (c) sample MnO2-MnOx-3; (d) N2 adsorption isotherm of sample 
MnO2-MnOx-1; (E) Pore size distribution of sample MnO2-MnOx-1. 
The XRD patterns of the three annealed samples (Figure 4-4b and c) show that, 
either MnO2 or Mn3O4 can be obtained from different hydrothermal reaction 
























































































































































































phases are observed. This could be due to that the MnO2 nanosheets formed in 
the first step is further reduced by pyrrole during the second step reaction, as 
the SEM image in Figure 4-5c shows that the first layer is no longer in 
nanosheets but nanofiber morphology. Thus, Mn3O4 crystallites occurred in the 
first layer while α-MnO2 in the second layer (Figure 4-4b). This also proves that 
the second layer of MnOx nanosheets or nanofiber binds to the first layer of 
MnO2 through chemical reactions during hydrothermal reactions. As mentioned, 
the wettability of the first layer MnO2 nanosheet is much improved as compare 
to bare Ni foam (Table 4-1). Point Raman spectroscopy done on the second 
layer further confirmed that it is α-MnO2, as there are two peaks at around 580 
and 630 cm-1 (Figure 4-3b).[236] 
Table 4-1. Wettability test* results of bare Ni foam, sample MnO2-2 and MnO2-
MnOx-1.  
*Wettability test were done this way: Ni foam or the samples were firstly dried 
in vacuum oven (80 °C, 12 hours). The dried Ni foam or samples were then 
immersed in water for 3 hours. After taking out from water, excess water were 
removed by spinning, in a speed of 3000 rpm for 5 minutes. Wet mass were then 
measured. Weight gain is calculated to compare the relative physisorbed water 
amount as well as wettability. 
 
 
Sample Dry mass Wet mass Weight gain 
Ni Foam 100.4 mg 104.4 mg 3.98% 
MnO2-2 101.7 mg 153.7 mg 51.09% 





Figure 4-5. SEM images of: (a) MnO2-MnOx-1 (insertion: side view and 
thickness measurement of second layer MnOx), (b) MnO2-MnOx-2, (c) the first 
and second layer interface of MnO2-MnOx-1, (d) MnO2-MnOx-3; TEM of: (e) 
MnO2-MnOx-1 powder, and (f) MnO2-MnOx-3 powder. 
 
For sample MnO2-MnOx-2 that with CTAB added in the gel formation step, 
only amorphous MnO2 is formed based on the results of XRD (Figure 4-4b) and 
Raman spectroscopy (Figure 4-3b). Sample MnO2-MnOx-3, which is obtained 
at higher hydrothermal temperature, shows only Mn3O4 peak. This could be 
explained as that the hydrated MnO2 loses the physisorbed water and protons 
and becomes Mn2O3 or Mn3O4 at higher temperature.
[235] Raman spectra show 
















As mentioned above, the main purpose of growing the second layer is to provide 
the desired surface area for the redox reaction. Figure 4-4d shows the N2 
adsorption isotherm of sample MnO2-MnOx-1, indicating a mesoporous 
structure.[221] The pore size distribution shows a well-defined peak at 8.19 nm 
(Figure 4-4e). Table 4-2 summarizes the specific surface areas of various 
samples before and after thermal annealing at 350 ◦C. For the single layer MnO2 
grown on Ni foam (MnO2-2), the overall surface area is significantly low even 
before the thermal annealing. After the growth of the second layer, the surface 
area increased dramatically. A large portion is retained after thermal annealing 
for sample MnO2-MnOx-1. Sample MnO2-MnOx-2 and MnO2-MnOx-3 show 
lower surface areas, which are related to their morphologies. 
Table 4-2. Specific surface areas for samples before and after thermal annealing 





For sample MnO2-MnOx-2, much smaller nanosheets are observed (Figure 4-
5b). The smaller nano-flowers appear to stack together with a large degree of 
agglomeration, preventing the interior to be exposed. Thus the measured surface 
area is much lower compared to that of sample MnO2-MnOx-1, which is of open 
structure nanosheets, as shown in Figure 4-5a and 4-5c. The average thickness 
of the second layer of sample MnO2-MnOx-1 is ~7 μm, as shown in the Figure 
Sample Surface Area(m2 g-1) 
Pre-Annealing  Post-Annealing 
Single layer MnO2-2 31.7 -- 
Bilayer MnO2-MnOx-1 241.0 207.0 
Bilayer MnO2-MnOx-2 170.7 52.5 




4-5a’s insertion. The high magnification SEM image (Figure 4-6a) shows that 
the nanosheet in the second layer is grown on top of the fibers from the first 
layer. In theory, this type of structure should benefit the ion transfer as it is 
interconnected and highly electrolyte-accessible.[114, 238] Figure 4-5e shows the 
TEM image of a single piece of the nanosheet which is in good continuity. At 
higher hydrothermal reaction temperature (sample MnO2-MnOx-3), most of the 
nanosheets had disappeared. Instead, entangled nanowires present (Figure 4-5e 
and 4-5f), resulting in the surface area being much lower than that of sample 
MnO2-MnOx-1. 
 
Figure 4-6. SEM images of: (a) high magnification of the first and second layer 
interface of MnO2-MnOx-1; (b) top view of Ni foam covered by two layers of 
MnOx and (c) nanorods MnO2 formed in the absence of Ni foam. 
 
As mentioned above, the specific surface area was improved significantly after 
the second layer growth. The electrical conductivity also plays an important role 
in affecting the capacitance of MnOx materials. Figure 4-7a shows the Nyquist 
plots for sample MnO2-2, MnO2-MnOx-1, MnO2-MnOx-2 and MnO2-MnOx-3, 
measured in 0.5 M Na2SO4 electrolyte. The internal resistance of each sample, 
which could be represented by the interception of the plot with the real axis 
(Z’),[69] appears to be similar for all samples, except for sample MnO2-2 that 
shows a slightly lower internal resistance than others. Due to the large void size 





of Ni foam (~200 μm), MnOx grows on the Ni foam scaffold without clogging 
the voids. Thus, the uniformly covered Ni foam retains its high electrolyte 
accessibility (Figure 4-6b).  
 
Figure 4-7. (a) Nyquist plot of various samples; (b) Comparison of specific 
capacitance of various samples at different scan rates; (c) CV curves at 5 mV s-
1 of sample MnO2-2 and MnO2-MnOx-1; (d) Charge-discharge curve at 2 A g
-1 
current density of sample MnO2-2 and MnO2-MnOx-1. 
 
As mentioned above, the first layer of MnO2 networks binds closely to the Ni 
foam, thus sample MnO2-2 shows similar internal resistance with bare Ni foam 
(Figure 4-8a). The shape of the Nyquist curve is related to the ratio between 
internal resistance and charge transfer resistance, by adopting the continuum-
mechanics-based analysis.[239] When the charge transfer resistance is much 
higher than the internal resistance, the Nyquist plot does not come back toward 
the real axis when frequency becomes lower, as in the plot of sample MnO2-2, 
and MnO2-MnOx-3. This indicates that the electrode behaves as a purely 




















































































































capacitive system of significant charge transfer resistance.[240] When the charge 
transfer resistance value is close to the internal resistance, the curve has a higher 
tendency of coming back towards the real axis, indicating it is more conductive 
as a capacitor, as observed in the plot of sample MnO2-MnOx-1 and MnO2-
MnOx-2.
[239, 241] In addition, the slope of the Nyquist plot at lower frequency for 
sample MnO2-MnOx-1 is steeper, indicating it has better accessibility and lower 
ion transfer resistance for the electrolyte.[242] In short, sample MnO2-2 shows a 
slightly lower internal resistance while sample MnO2-MnOx-1 shows a much 
lower charge transfer resistance, most probably owing to the structure of thin, 
uniform and continuous sheets as shown in Figure 4-5a, c and e. 
 
Figure 4-8. (a) Nyquist plots of Ni foam, MnO2-2, MnO2-MnOx-1 and the 
powder based sample; (b) Nyquist plot of sample MnO2-MnOx-1-pre ANL and 
MnO2-MnOx-1; (c) Comparison of specific capacitance of sample MnO2-
MnOx-1-pre ANL and MnO2-MnOx-1 at different scan rates; and (d) Cycle 
ability tests of specific capacitance under current density of 2 A g-1 for charge-
discharge measurement. 



























































































































Electrochemical tests are performed on these samples. The specific capacitance 
values of sample MnO2-2, MnO2-MnOx-1, MnO2-MnOx-2 and MnO2-MnOx-3 
under scan rate of 1 mV s-1 are: 267.9, 559.6, 307.1, and 386.6 F g-1, respectively. 
The mass loading of the second layer is measured to be ~2 mg cm-1 for all 
samples. Comparing the specific capacitance at various scan rates (Figure 4-7b), 
it is obvious that by growing the second layer of MnO2, the specific capacitance 
has improved significantly. Together with the high surface area and uniform 
pores, sample MnO2-MnOx-1 gives rise to a very promising specific capacitance 
value of 559.6 F g-1. The CV curve in Figure 4-7c for sample MnO2-MnOx-1 
retains symmetrical near-rectangular shape and indicates that there is no 
obvious resistive behaviour.[143] The redox peaks at around 0.4 V for sample 
MnO2-MnOx-1 may well be due to the side reaction of insertion and deinsertion 
of Na+ and H+ from the electrolyte in the tunnel sites of MnO2 or Mn3O4, which 
only take place at low scan rates.[243, 244]  The retain rates of specific capacitance 
from scan rate of 1 mV s-1 to 25 mV s-1 are calculated and listed in Table 4-3. 
Development of the second layer of MnO2 does not bring down the retain rate 
(about 60% of the capacitance from 1 mV s-1 scan rate retained when using 25 
mV s-1 scan rate), except for sample MnO2-MnOx-2. Capacitance is also 
calculated from charge-discharge tests at 2 A g-1 current density (Table 4-3), 
where sample MnO2-MnOx-1 shows the highest specific capacitance of 473.9 F 
g-1. Charge-discharge curve of sample MnO2-2 and MnO2-MnOx-1 are shown 
in Figure 4-7d. The very symmetric charge and discharge curves indicate that 
the electrode is of good electrochemical capacitive characteristics and capable 




KMnO4 by pyrrole, the MnO2 powders obtained could not form nanosheets 
structure. Instead, nanorods are formed, with specific capacitance ~200 F g-1 
under 1 mV s-1 scan rate (SEM image of such nanorods shown in Figure 4-6c). 
In addition, due to being in the powder form, the prepared electrode has much 
higher internal resistance (Figure 4-8a). 
Table 4-3. Specific capacitance retain rate from 1 mV s-1 to 25 mV s-1 and 
specific capacitance calculated from charge discharge at 2 A g-1 current density. 
 
As for sample MnO2-MnOx-2, both specific surface area and conductivity are 
not as good as those of sample MnO2-MnOx-1 (poorer conductivity may well 
be due to the low degree of crystallinity as mentioned earlier), thus the specific 
capacitance is not as high. Therefore, it is concluded that the smaller sizes of 
nanosheets do not improve electrochemical performances in this case. Sample 
MnO2-MnOx-3 is also showing a lower specific capacitance, due to the 
relatively low surface area posed by the agglomerated Mn3O4 nanofibers and 
poorer conductivity. For sample MnO2-MnOx-1-pre ANL, although it has a 
slightly higher surface area compared to the annealed sample (MnO2-MnOx-1), 
Sample Retain rate  
( 1 mV s-1 to 25 
mV s-1) 
Capacitance  
(2 A g-1 charge discharge) 
Single layer MnO2-2 65.5% 255.4 F g-1 
Bilayer MnO2-MnOx-1-pre ANL 59.8% 324.1 F g-1 
Bilayer MnO2-MnOx-1 63.0% 473.9 F g-1 
Bilayer MnO2-MnOx-2 46.0% 269.5 F g-1 




the charge transfer resistance is much higher, thus the specific capacitance is 
lower (Figure 4-8b and 4-8c). 
The cycle ability was evaluated under 2 A g-1 current density of charge-
discharge for samples MnO2-2 and MnO2-MnOx-1 (Figure 4-8d). Significant 
cyclic increment during first 2000 cycles for sample MnO2-MnOx-1 is observed, 
which is due to the slow dissolution and re-deposition of the MnO2 during the 
redox reaction in the electrolyte.[143] Both samples could retain 98% of its initial 
capacitance after 5000 cycles which could be considered as great 
improvement.[19, 235] and starts to drop after that. MnO2-2 could retain 65% and 
sample MnO2-MnOx-1 could retain only 58% after 7500 cycles, which might 
be due to that the cycled MnO2 sheets have become thicker from the re-
deposition in 0.5 M Na2SO4 electrolyte. While the limited loading mass and low 
surface area problems are solved for the MnOx nanosheets based electrode 
materials, the flexibility of these materials growing on the Ni form is still too 
low for application in flexible ASCs. 
4.4 Remarks 
A new bilayer nanostructure of manganese oxide is developed by two-step 
hydrothermal reactions. Much higher mass loading of manganese oxide is 
successfully maintained (~2.4 mg cm-2) through this new type of 
nanoarchitecture. In the meanwhile, the desired high specific surface area, good 
conductivity and ion accessibility are obtained, therefore giving rise to 
significantly improved electrochemical performance for manganese oxide (e.g., 




second layer of MnOx on the Ni foam current collector that is pre-covered by a 
MnO2 substrate layer, uniformly thin and continuous nanosheets from the 
second layer MnOx with excellent surface coverage and open mesoporous 
structure are obtained, leading to large surface area and fast charge transfer. This 
novel architecting opened up new potential of manganese oxides as high 




Chapter 5. Mn3O4 Nanomaterials with Controllable Morphology and 
Particle Sizes  
5.1 Introduction 
Manganese oxides (MnOx) have been widely studied as candidates for 
supercapacitor electrode materials, where great efforts have been focused on 
improving the capacitance through development of various new nanostructures 
with novel morphologies.[130] Through adjusting the synthesis conditions, 
different structural features and morphologies could be obtained, especially for 
MnO2.
[116, 137, 245-247] For example, when amorphous MnO2 is reduced under 
appropriate temperatures, the morphology and chemistry of hydrated MnO2 
powders change significantly, towards thermodynamically favored states.[3] 
Among the widely studied techniques for developing MnOx nanomaterials are 
hydrothermal and solvothermal reactions, as they are facial and scalable 
chemical processes leading to different MnOx nanostructures, such as 
nanoparticles, nanorods, nanowires, nano-urchins, and nanotubes, by properly 
choosing the reaction temperature, time, and the solvent used for the 
reaction.[248]  
As has been previously mentioned, one of the key factors that affect the specific 
capacitance of the crystallized MnOx-based electrodes is their crystal structures. 
MnOx can crystallize into a tunnel-type structure, thus, the capacitance is largely 
dependent on the features in close relation to the tunnel size and cation 
intercalation.[3] For example, the tunnel size of -MnO2 and -MnO2 is 4.6 and 




(with ion size of 3.0 Å in water). On the other hand, the tunnel sizes of  -MnO2 
and -MnO2 are smaller than the effective size of K+ in aqueous KOH or other 
K+ based electrolytes, therefore, their capacitance are lower in K+ based 
electrolytes.[130]  
Manganese can exist in a number of stable oxides, such as MnO, Mn3O4, Mn2O3 
and MnO2. These oxides have been reported with a wide diversity of crystal 
forms, nanoparticle morphology, and the level of porosity. Therefore, they 
exhibit a variety of distinct electrochemical properties.[2, 3] Morphology is one 
of the most important factors in optimizing the electrochemical properties.[3] In 
order to develop an optimal hybrid structure for flexible supercapacitor 
electrode, the morphology and size of the manganese oxides nanomaterials have 
to be tuned and their effects on the electrochemical performances are to be 
investigated.  
Similar to MnO2, Mn3O4 is a potentially interesting electrode material for 
supercapacitors, because of its low cost, environmental compatibility, and high 
natural abundance.[149] In addition, Mn3O4 is highly psedocapacitive and 
exhibits a very high theoretical specific capacitance of ~1400 F g−1.[149] It shows 
similar electrochemical behavior with MnO2 as the redox reactions between the 
III and IV oxidation states of Mnx+ ions occur spontaneously during the charge-
discharge process.[142] Different processing techniques have been demonstrated 
to successfully lead to Mn3O4-based materials for use in supercapacitors, such 
as electrostatic spray deposition,[249] hydrothermal growth[250-252] and chemical 
batch deposition.[253, 254] High gravimetric capacitance (e.g., 420 F g-1 at 5 mV 




Mn3O4/MWCNT (multi-walled carbon nanotubes) nanocomposites however 
with very poor stability.[250] In a recent work, hydrothermally synthesized 
Mn3O4 nano-octahedrons are shown with a gravimetric capacitance of 272 F g
-
1  and much improved cycling ability, due to the Co-doping.[255] In addition, the 
capacitance can be much improved with the nanocomposite consisting of 
Mn3O4 nanofibers and porous carbon aerogels obtained from anodic-
electrochemical deposition (503 F g-1), but limited by the low loading mass.[244] 
Compared to MnO2, Mn3O4 is still much less studied for electrochemical 
applications.[149]  
In order to make the best use of the high theoretical capacitance of Mn3O4, it 
would be of interest to study its different morphologies and their effects on the 
electrochemical performances. In this chapter, we report the different 
morphologies successfully developed by tuning the hydrothermal temperature 
and controllable crystallite sizes for Mn3O4 with the help of surfactant. These 
Mn3O4 nanomaterials with different structures and sizes are then assembled 
with rGO sheets into a flexible hybrid paper. Their electrochemical 
performances are assessed in order to find out the optimal morphology of 
Mn3O4 for flexible positive electrode application.  
5.2 Synthesis Methods 
1.0 M CTAB is mixed with 0.2 M KMnO4 aqueous solution for formation of 
Mn3O4 nano-octahedron samples. Pyrrole was then added into the KMnO4 or 
CTAB/KMnO4 mixture drop wise at the pyrrole to KMnO4 ratio of 1 to 2 mol. 




in a 100 ml volume autoclave at different temperatures (85, 140 and 180 ◦C) for 
12.0 hr. After the hydrothermal reaction, the products were washed five times 
with deionized water to remove the excess CTAB, unreacted KMnO4 solution 
and poly-pyrrole formed from the redox reaction. The powdered products were 
collected by centrifuge and drying in oven. 
5.3 Results and Discussions 
5.3.1 Temperature of Hydrothermal Growth 
As described in Chapter 4, KMnO4 could be reduced by pyrrole to form 
manganese oxides of different oxidation states (e.g., MnO2, Mn3O4) during the 
gel formation reaction. A pyrrole to KMnO4 ratio of 1 to 2 mol is used to 
develop Mn3O4. The hydrothermal temperature has a great impact on the 
morphology and crystal structure of the hydrothermally synthesized oxide 
nanomaterials. For example, hydrothermally synthesized WO3 transforms from 
hexagonal to cubic phase when the temperature is increased to over 160 ◦C.[256] 
The crystallite size and crystallinity increase with increasing hydrothermal 
temperature for TiO2.
[257]  Microspheric-structured BiVO4 could be obtained at 
a temperature below 160 ◦C, and lamina-structured BiVO4 could be developed 
when the temperature is controlled at 200 ◦C.[258] Thus, through adjusting the 
hydrothermal temperature (85, 140 and 180 ◦C), three different morphologies 
are obtained, namely, nanofiber at 85 ◦C, nanorods at 140 ◦C and nano-
octahedrons at 180 ◦C of hydrothermal treatment (Figure 5-1). These samples 
are named as MO-F for nanofiber, MO-R for nanorods and MO-O for nano-




respectively. The nanofibers are ~10 nm in diameter and ~150 nm in length 
(Figure 5-1a). The nanorods are ~30 nm in diameter with various lengths 
(Figure 5-1b). Unlike the stiff nanorods, the nanofibers appear flexible. The 
lengths of these nanofibers are not too long such that they would not entangle 
together. The nano-octahedrons are ~30 nm in dimensions (Figure 5-1c) and 
show good crystallinity (Figure 5-1d). Mn3O4 nanofibers synthesized by 
electrospinning have been reported previously.[259, 260] Mn3O4 nanorods have 
also been reported and they were synthesized by the methods such as 
hydrothermal process of different starting materials at 120 ◦C, grown on Ni foam 
or with GO.[149, 261]  To the best of our knowledge, there is no study on the 
temperature effect of hydrothermal reaction on the morphology and crystal 
structures of Mn3O4.  
 
Figure 5-1. TEM images: (a) MO-F, (b) MO-R, (c) MO-O0, and (d) high 
resolution TEM showing lattice fringes of sample MO-O0. 









Figure 5-2 shows XRD results for these three samples. It is obvious that they 
exhibit different morphologies and crystal structures, although they all are of 
Mn3O4 (JCPDS #086-2337, #18-0803 and #24-0734). Based on the XRD data, 
the nanofibers exhibit an orthohombic crystal structure (space group Pmab) 
while the nanorods and nano-octahedrons exhibit tetragonal crystal structures 
(both are in space group I41/amd with different lattice constants).[263-267] In 
general, the conversion from the kinetic tetragonal form to the thermodynamic 
orthorhombic form is probably driven by an enthalpy gain.[268] The 
orthorhombic structure, which is of lower space-group symmetry is of higher 
energy and in relatively metastable state, compared to the tetragonal form which 
has higher symmetry. This is proved by the density functional theory (DFT) 
calculations (work in collaboration with Dr Cai Yongqing) for the total energy 
of the three phases (Table 5-1) as the orthorhombic structured sample MO-F has 
the highest total energy. Therefore, the high-energy orthorhombic structured 
nanofibers are formed and stabilized at the low temperature of hydrothermal 
reaction (85 ◦C), and the tetragonal structured nanorods and nano-octahedrons 
are formed at the relatively high temperatures of hydrothermal reaction (140 
and 180 ◦C). Note that the calculation is based on the standard unit cell 






Figure 5-2. XRD patterns: (a) MO-F, (b) MO-R, and (c) MO-O0. 
 
Table 5-1. Theoretical calculations for the total energy of each sample. 
 
5.3.2 Tuning of Particle Sizes through CTAB 
Surfactants are amphiphilic materials containing both apolar long-chain 
hydrocarbon “tail” and polar “head” groups.[269] Cetyltrimethylammonium 
bromide (CTAB, CH3(CH2)15N(Br)(CH3)3) is a cationic surfactant. It can play 
a key role in the development of nanostructures, for example, by adsorbing to 


























































Sample Space group JCPDS # Total energy calculated 
MO-F orthohombic 086-2337 -230.47 eV 
MO-R tetragonal 18-0803  -231.83 eV 




the nanoparticles to lower the surface energy.[270-273] In polar solvents (e.g., 
water), the micellization of surfactant will take place when the concentration of 
the surfactant concentration is high enough, due to the dual character of the 
amphiphile. During the micellization, the surfactant molecules arrange 
themselves into organized molecular assemblies known as micelles. CTAB is 
water soluble and forms micelles when the concentration is above its critical 
micelle concentration (CMC).[274] The CMC for CTAB in MnO4
- solution is 2.0 
× 10-4 M, calculated on the basis of specific conductance vs. concentration 
curve.[274] 
Different amounts of CTAB were added into the gel of Mn3O4 to develop nano-
octahedrons of different sizes. The concentrations of CTAB in the three samples 
(MO-O1, MO-O2 and MO-O3) were controlled at 5.0 × 10-3, 9.0 × 10-3 and 1.2 
× 10-2 M, respectively, with the sample MO-O0 had no CTAB added. As shown 
in Figure 5-3, Mn3O4 nano-octahedrons of various sizes were obtained. By 
adding CTAB (concentration of 5.0 × 10-3 or 9.0 × 10-3 M), Mn3O4 nano-
octahedrons increased in size from ~30 nm to ~200 nm (Figure 5-3a, b and c). 
At concentration of 1.2 × 10-2 M, the nano-octahedrons starts to transform into 
nanocubes in addition to size increase from 200 nm to 300 nm (Figure 5-3d). It 
was observed that the appearance of the aqueous dispersion of nano-
octahedrons became darker, probably due to the size change (Figure 5-4a). 
Indeed, the average hydrodynamic sizes measured by the dynamic light 
scattering (DLS) indicates that adding CTAB had caused an increase in the 








Figure 5-3. TEM images: (a) MO-O0; (b) MO-O1; (c) MO-O2; and (d) MO-O3.  
 
When the CTAB aqueous solution is added into KMnO4 aqueous solution, the 
CH3(CH2)15N(CH3)3
+ ions from CTAB will attract MnO4
- ions through 
electrostatic interactions. Due to the bulky CTAB micelle formed and being 
positively charged, MnO4
- ions will be attracted to the CTAB micelle. Therefore, 
the local concentration of MnO4
- ions are much increased (as shown in the 
scheme in Figure 5-4c). As the inorganic species can form a stable crystalline 
Mn3O4 structure with high lattice energy, they show a strong tendency to 
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remains in solution and continues to accumulate MnO4
- ions for the growth of 
Mn3O4 nano-octahedrons. When the concentration of CTAB increases, more 
numbers of micelles are formed. Under electrostatic interactions, there are much 
more MnO4
- around the micelles during the nuclei growth stage, thus, larger 
nano-octahedrons are formed.[276]  
To further confirm this hypothesis, the zeta potential of the mixture of CTAB 
and KMnO4 aqueous solutions, pure KMnO4 aqueous solution (0 M CTAB) and 
CTAB (0.01 M) aqueous solution alone were measured (Figure 5-4d). The 0.01 
M CTAB aqueous solution showed a zeta potential of 50 mV, due to the 
micelles formed within the solution (the CMC of CTAB in water is 1 x 10-3 M). 
In the presence of KMnO4, the zeta potentials of the mixture solutions were all 
negative, indicating that the negatively charged MnO4
- ions are surrounding the 
micelle. When the concentration of CTAB is raised, the number of micelles 
increases but the number of MnO4




thus reduces the absolute value of the zeta potential.[270] 
  
Figure 5-4. (a) Photograph taken after hydrothermal reaction and (b) 
Hydrodynamic sizes of the nano-octahedrons or nanocubes obtained at different 
CTAB concentrations; (c) Scheme showing that the formation of CTAB micelle 
caused an increase of MnO4
- local concentration; and (d) Zeta potential of the 
mixture of CTAB and KMnO4 aqueous solutions at different CTAB 
concentrations. 
 
To verify whether or not the CTAB was thoroughly removed from the sample 
after washing the hydrothermal product with DI water, FTIR of the dried 
powders were conducted (Figure 5-5a). As shown by the FTIR spectrum, there 
is no stretching bands at around 3000 cm-1 (the symmetric and asymmetric 
stretching bands of the methylene chains in CTAB molecules are at around 2850 
and 2920 cm-1, respectively).[268] The bands at around 500-700 cm-1 correspond 
to the Mn-O stretching and bending vibrations,[277] and the rest bands at 956, 
1101 and 1155 cm-1 correspond to the C-O and O-H groups from the minimal 
amount of the hydrothermal reaction residuals. In addition, as shown by the 
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TGA result (Figure 5-5b), the weight dropping at around 200 ◦C is less than 
0.5%, indicating that there is minimal amount of CTAB or other residuals left 
(the thermal decomposition temperature for CTAB is known to be around 240 
◦C). The slight increase of the weight at around 450 ◦C might well be due to the 
oxidation of Mn3O4 to MnO2. 
 
 
Figure 5-5. (a) FTIR spectrum, and (b) TGA results of sample MO-O2 after 
washing and drying. 
 
5.3.3 Electrochemical Characterization of Mn3O4 Nanoparticles/rGO Hybrid. 
As mentioned in Section 1.4.1.2, graphene sheets, with the desired electronic, 
mechanical, and thermal properties have been used as a conductive support for 
electrochemical energy storage materials. Nanocomposite-type materials of 




[157, 169] have been demonstrated promising for high energy 
and power density energy storage devices. To search the most suitable candidate 
for flexible positive electrode materials, the above mentioned Mn3O4 nanofibers, 
nanorods and nano-octahedrons with different sizes are respectively assembled 









































with rGO sheets into a flexible hybrid Mn3O4 nanoparticles/rGO paper (samples 
MG-F, MG-R, MG-O0 and MG-O2). The detailed assembly method will be 
described in Chapter 6. The main purpose of this section is to compare the 
electrochemical performance of the hybrid papers containing Mn3O4 
nanoparticles of different morphologies. Figure 5-5 shows the cross section 
SEM of these hybrid papers. The Mn3O4 nanofibers and nanorods could be 
evenly dispersed among the rGO sheets (Figure 5-6a and b). However, it is 
observed that the small-sized nano-octahedron (~40 nm) tend to aggregate 
(Figure 5-6c) while the large sized nano-octahedron (~200 nm) could be 
dispersed more evenly among the rGO nanosheets (Figure 5-6d). 
 
Figure 5-6. Cross section SEM images: (a) MG-F; (b) MG-R; (c) MG-O0; and 
(d) MG-O2. 
 
The CV and EIS of these hybrid papers were measured using Swagelok 2-










capacitance calculated from CV results showing that sample MG-F (hybrid 
Mn3O4 nanofibers/rGO paper) exhibits the highest volumetric capacitance, 
assumed mainly due to the smallest dimension that possesses a higher surface 
area than that of either nanorods or nano-octahedrons (Figure 5-7a). The hybrid 
paper with smaller Mn3O4 nano-octahedrons (sample MG-O0) shows a lower 
capacitance than the one with larger size Mn3O4 nano-octahedrons (sample MG-
O2), due to the aggregation of the small nano-octahedrons that would reduce 
the effective surface of redox reaction for Mn3O4. The impedance results show 
that the conductivity of all samples except for sample MG-O0 are very close to 
each other. MG-O0 shows a much higher diffusion resistance due to the 
aggregated nano-octahedrons (Figure 5-7b), as discussed above. 
 
Figure 5-7. Comparison of: (a) volumetric capacitance different scan rates and 
(b) Nyquist plots for samples MG-F, MG-R, MG-O0 and MG-O2. 
 
5.4 Remarks 
Mn3O4 nanoparticles of different morphologies, i.e., nanofibers, nanorods, 
nano-octahedrons and nanocubes have been developed by hydrothermal 
reaction at different temperatures. The effects of synthesis temperature on the 
morphology and crystal structure of the Mn3O4 nanoparticles are studied. The 



















































thermodynamics behind the formation of the different crystal structures are 
discussed briefly, and our hypothesis is proved by DFT calculations. Different-
sized nano-octahedrons can be further developed by using CTAB as a surfactant 
during the hydrothermal process. The mechanism of how CTAB has affected 
the size of the resultant nano-octahedrons are examined and demonstrated. 
These Mn3O4 nanoparticles of different morphologies were assembled with rGO 
sheets into flexible hybrid papers, which have been investigated for their 
potentials as positive electrode for flexible ASCs. The Mn3O4 nanofibers appear 
to be the most promising candidate due to their optimal sizes and well dispersion 
in the rGO sheets. The detailed examination of Mn3O4 of different structures 
and morphologies in this chapter could serve as a guild for their future 





Chapter 6. Optimized Hybrid Mn3O4 Nanofiber/rGO Paper for High 
Performance Flexible ASCs 
6.1 Introduction 
Flexible energy storage devices have been drawing considerable attention of 
research and development due to the rapidly growing demand in flexible, 
portable and wearable electronic devices as well as for electric and hybrid 
vehicles.[11]  Flexible supercapacitors require the electrode materials to have the 
desired electrochemical functions with well-integrated mechanical flexibility.[36] 
Thus, typical flexible supercapacitors are based on highly flexible thin-film 
electrode with soft materials as substrates.[37] Among the candidates for thin-
film electrodes, carbon-based materials (e.g., graphene, CNTs, carbon fibers 
and carbon cloth) possess the high mechanical strength to withstand bending, 
folding or rolling, together with excellent electrical conductivity.[37, 38] However, 
due to the low packing density and high level of porosity of pure carbon-based 
materials (such as CNTs and graphene), the areal or volumetric capacitance of 
these carbon-based materials is limited, usually not more than 100 mF cm-2.[37, 
38] Thus, introduction of transition metal oxides/hydroxides[20, 42, 43] or 
conductive polymers[44, 45] with pseudocapacitance has been regarded as a 
solution for further boosting up of the electrochemical performance for 
carbonaceous materials. By creating a hybrid nanocomposite of the flexible 
substrate, e.g. combining graphene or CNT paper with the pseudocapactive 
nano-materials, such as MnOx,
[46, 47] RuO2,
[48] PANI[49] and PPy,[50] the desired 




higher electrochemical performance, while retaining the structural flexibility.[42, 
46, 47, 280] 
As discussed in Section 1.4.3.2, various carbonaceous materials/MnOx hybrid 
nanocomposites, such as 3D network, core@shell and 2D planer structures have 
been synthesized and studied as electrodes for flexible supercapacitors 
recently.[42, 46, 47] In order to maintain the desired mechanical flexibility, the 
mass loading of the active materials has to be controlled, and at the same time 
to maximize the volumetric capacitance, energy and power density.[20, 47, 165, 280, 
281] Introduction of graphene-based materials could potentially improve the 
loading amount of MnOx, however, the poor dispersion of the metal oxides and 
restacking problems of the graphene can hinder the charge transfer ability and 
limit the energy and power density. Thus, it is very important to obtain good 
dispersion of the graphene and MnOx hybrid to prevent restacking, so to 
maximize the energy and power densities for practical application.[166, 282, 283] 
In the present work, Mn3O4 nanofibers are successfully assembled into 2D rGO 
paper by a facile hydrothermal process followed by electrochemical reduction. 
The Mn3O4 nanofiber gel thus obtained could be easily blended with GO 
suspension, thus a large amount of Mn3O4 could be loaded into the hybrid paper 
with excellent dispersion. The electrical conductivity of this hybrid Mn3O4/rGO 
(MG) paper can be further improved by the electrochemical reduction followed, 
while retaining its mechanical flexibility and integrity. As a result, the unique 
hybrid structure generated a high mass loading of Mn3O4 at considerably small 
thickness (up to 2.13 mg cm-2 or 0.71 g cm-3, equivalently), which is much 




into flexible ASC devices (operative in both neutral aqueous electrolyte and 
ionic liquid electrolyte), the highly conductive MG paper shows excellent 
electrochemical performance, such as high volumetric capacitance (54.6 F cm-
3), high energy and power density, (0.0055 Wh cm-3 and 10.95 W cm-3, 
respectively), and promising cycle ability (good performance up to 8000 cycles).  
6.2 Synthesis Methods 
Material synthesis: Pyrrole was added into 0.2 M KMnO4 drop wise. A gel was 
then formed. The gel is washed three times to remove the unreacted KMnO4 
solution and poly-pyrrole formed from the redox reaction. GO aqueous 
dispersion of 5 g L-1 was added into the washed gel. The mixture was then 
stirred for at least 12 hours and undergone hydrothermal reaction of 85 ◦C for 
12 hours. More GO dispersion was added into the product from hydrothermal 
reaction. The solution is stirred well before undergoing vacuum filtration. For 
GO paper, GO dispersion was diluted by distilled water and then undergone 
vacuum filtration. The filtered paper was then thermally annealed in N2 
atmosphere at 150 ◦C for 30 mins to eliminate water and to enhance mechanical 
strength. 
Electrochemical and thermal reduction:  Electrochemical reduction of the 
thermally annealed GO or hybrid Mn3O4/GO paper as the working electrode 
was performed in 0.1 M Na2SO4 aqueous solution at the potential of -1.5 V for 
a few cycles, each cycle for 600 s. A Pt plate and Ag/AgCl electrode were used 
as the counter electrode and the reference electrode, respectively. The reduced 




reduction cycle were also conducted in this setting. Thermal reduction was 
conducted in an air flowing oven, in which the GO or MG paper was heated at 
200 ◦C for 5 hours.  
6.3 Results and Discussion 
6.3.1 Electrochemical Reduction of Hybrid Mn3O4/GO Papers 
Firstly, Mn3O4 nanofiber gels were obtained by a gel formation reaction, 
followed by growth of Mn3O4 nanocrystals within the GO suspension during 
hydrothermal reaction. The mixture is then assembled into a hybrid paper 
through facile vacuum filtration. Electrochemical reduction of GO-based 
material is a newly emerging technique to reduce GO in film or in paper form, 
where there is no need for any reducing agents or high temperature being 
used.[26, 53, 284] It is much more environmental friendly and easy to scale up,[285-
288] as compared to, for example, the high temperature thermal reduction and 
low temperature chemical reduction by acid or alkaline. This method was first 
used for graphene material in 2009.[284] By adjusting the external power source, 
the electronic states of the graphene oxide (as working electrode) could be 
effectively modified by changing the Fermi energy level.[284] Upon applying an 
appropriate voltage (e.g. negative potential -1.5 V), the energy barriers for 
oxygen functionalities is overcame. Thus, these electrochemically unstable 
oxygen groups are eliminated and the electrical insulating GO gradually 
becomes reduced to conductive graphene.[53]  
The hybrid paper was reduced under a constant voltage of -1.5 V, for multiple 




indicating the reduced resistance as the current value increases for the first three 
cycles. The reduction is completed when the current becomes stable during the 
4th cycle. To thoroughly understand the electrochemical reduction process, the 
impedance and CV of the hybrid paper were tested after each cycle (Figure 6-
1b, c and d). The successful reduction was illustrated by the impedance test, as 
shown in Figure 6-1b, where one could see that the internal resistance of the 
hybrid paper dramatically dropped upon reduction. The capacitance of the 
hybrid paper increased from 6.23 F cm-3 to 86.0 F cm-3 after a 30 min reduction 
(Figure 6-1d), further confirmed the effectiveness of electrochemical reduction. 
 
Figure 6-1. Electrochemical reduction results: (a) Current and voltage curves 
during multiple cycles of electrochemical reduction; (b) Nyquist plot of MG 
paper after various cycles of electrochemical reduction; (c) CV curves of the 
MG paper after various cycles of electrochemical reduction, under 10 mV s-1 
scan rate, and (d) Volumetric capacitance calculated from CV tests (10 mV s-1 
scan rate) after various numbers of cycles of electrochemical reduction (i.e. 
reduction time). 
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The morphologies and detailed structures of MG papers were characterized 
using both SEM and TEM. The MG paper consists of hundreds of layers of rGO 
sheets (Figure 6-2a). Among the individual rGO sheets, lay the well dispersed 
MnOx nanofibers (Figure 6-2b), which ensure good charge transfer ability 
through the highly conductive graphene channels.[28] The Mn3O4 nanofibers are 
loosely bonded, as shown by the TEM image, where the nanofibers are 300-500 
nm in length and evenly distributed within the rGO sheets (Figure 6-2c). High 
resolution TEM image (Figure 6-2d) reveals the lattice fringe of 0.342 nm and 
the dimension of the Mn3O4 nanofibers (~17 nm). Figure 6-2e shows a 
schematic drawing illustrating how the Mn3O4 nanofibers are embedded among 
rGO sheets and the resulted flexible hybrid paper. The excellent dispersion is 
benefited from the MnOx gel, which could mix freely with the GO suspension. 
This structure, where the MnOx nanofibers also act as spacers among the 
individual GO sheets (as shown in Figure 6-2b and Figure 6-2e’s scheme), 
eliminates the restacking problem of the individual rGO sheets, which were 
encountered in most well-established processes (e.g. Hummer’s method).[289, 290] 
Specifically, restacking during reduction and drying process cause a reduction 
in effective surface area for charge storage which limits the specific capacitance 





Figure 6-2. SEM images of MG paper: (a) from cross section view, and (b) 
higher magnification from side view. TEM images of: (c) MnOx nanofibers 
embedded in rGO sheet, with part of the rGO sheet’s edge marked out, and (d) 
High magnification of MnOx with measurement of lattice fringe spacing. (e) 
Schematic diagram showing how MnOx nanofiber are embedded among rGO 
sheets. Photographs of: (f) as filtered MnOx/GO paper rolled freely, and (g) top 
view of as-reduced MG paper.  
 
The rGO paper is also prepared and reduced by the same method discussed 
above (i.e. vacuum filtration and the electrochemical reduction). Figure 6-3a 
and Figure 6-2f show the as-filtered GO and the hybrid Mn3O4/GO paper, 
respectively. The GO paper exhibited a darker color and appeared to be crispier 
and thinner than the hybrid Mn3O4/GO paper, due to the MnOx nanofiber doped 
in the hybrid Mn3O4/GO paper. However, both papers could be freely rolled, 
showing their high mechanical flexibility, even after reduction (Figure 6-3b and 
5 nm














c). Figure 6-2g shows that, the electrochemically reduced part of the MG paper 
appears to have some geometric wrinkling. These are caused by interlocking 
among the rGO sheets, which results into better mechanical properties and 
lower surface energy.[53] In addition, they give rise to high surface area and 
specific capacitance.[294] Similarly, this phenomenon happens to the rGO sheets 
obtained from other processes, e.g. chemical or thermal reduction.[291, 295] The 
color change of the reduced part, compared to the non-reduced part, indicates 
an improved charge transport properties.[26] 
 
Figure 6-3. Photographs of: (a) the as-filtered GO paper; (b) MG paper rolled 
inside a tube; and (c) electrochemically reduced MG paper rolled inside a tube; 
(d) TGA results of sample MG1 and MG1-ER. 
 
6.3.2 Characterizations of the MG Papers 
In order to further study the effectiveness of reduction, characterizations are 
conducted for the as-filtered hybrid Mn3O4/GO paper (sample MG1), the 
thermally annealed hybrid Mn3O4/GO paper (sample MG1-A, thermally 
annealed in N2 atmosphere at 150
◦C to eliminate moisture and to enhance 
mechanical strength) and the electrochemically reduced MG paper after thermal 



























annealing (sample MG1-A-ER). GO is electrically insulating, as the large 
amount of saturated sp3 bonds and electronegative oxygen atoms bonded to 
carbon give rise to an energy gap in the electron density of states.[296] Therefore, 
it is essential to reduce it and restore its conjugated carbon network and 
electrical conductivity for electrochemical applications. Figure 6-4a shows the 
XPS spectra for C 1s of the three samples. After reduction (sample MG1-A-ER), 
the -C-O- to -C-C ratio is largely reduced, indicating the elimination of the 
oxygen functional groups, as mentioned above. The -C-C- peak becomes 
dominating, indicating the GO becomes into graphene.[26] The effect of the mild 
thermal annealing on the -C-O- to -C-C- ratio is negligible. Figure 6-4b shows 
the XPS spectra of Mn 2p for the three samples. For all three samples, peaks of 
Mn 2p3/2 and Mn 2p1/2 are centered at 640.8 and 652.4 eV, respectively, which 
are in good agreement with the XPS data previously reported for peaks of Mn 
2p3/2 and Mn 2p1/2 in the mixed valence Mn3O4.
[297] Therefore, the chemical 
states of the nanofibers are confirmed to be Mn3O4. The redox reactions between 
the III and IV oxidation states of Mn ions occurs spontaneously during the CD 
process.[142] Both MnO2 and Mn3O4 have been widely studied for 
electrochemical applications, as they are showing the best electrochemical 
performances among the various manganese oxides (MnO, Mn2O3, Mn3O4 and 
MnO2).
[3, 132] In addition, the unchanged peak positions in Figure 6-4b indicate 
that the electrochemical reduction did not change the chemical state of the 
Mn3O4 nanofibers. Figure 6-5 demonstrates the XPS spectra for C 1s for the GO 
paper, the thermally annealed GO paper and the electrochemically reduced rGO 





Figure 6-4. XPS spectra and peak fitting of sample MG1 (as filtered hybrid 
MnOx/GO paper), MG1-A (thermally annealed hybrid MnOx/GO paper) and 
MG1-A-ER (electrochemically reduced MG paper after thermal annealing) for: 
(a) C 1s, and (b) Mn 2p. (c) Raman spectra for sample MG1, MG1-A and MG1-
A-ER; (d) XRD patterns of sample MG1, MG1-A and MG1-A-ER. 
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Figure 6-5. XPS spectra and peak fittings for C 1s of samples: (a) GO1 (as 
filtered GO paper), (b) GO1-A (thermally annealed GO paper) and (c) GO1-A-
ER (electrochemically reduced GO paper). 
 
Raman spectra show the D and G bands of the hybrid papers (Figure 6-4c). The 
D-band located at 1350 cm-1 and the G band at 1595 cm-1 are the characteristic 
Raman shifts of graphite, which can be observed in the Raman spectra of MG 
papers before and after thermal annealing or reduction (sample MG1, MG1-A 
and MG1-A-ER). Upon reduction, the relative intensity of D band peak only 
increased slightly compared to the un-reduced hybrid Mn3O4/GO paper, due to 
the defects introduced by reduction.[284] However, the MnOx peak at ~630 cm
-1 
became much higher compared to carbon peaks, indicating the Mn3O4 content 
had increased. TGA results (Figure 6-3d) further confirmed that the Mn3O4 
content increased from 36.5 wt. % to 49.0 wt. % upon reduction. This is mainly 
due to the elimination of the oxygen groups, as mentioned earlier. XRD patterns 
























































show the well match of peak positions of the hybrid papers with the standard 
powder diffraction file (JCPDS) of Mn3O4 crystal structure (Figure 6-4d). This 
further confirms the chemical states of nanofibers as Mn3O4, and that the 
electrochemical reduction is an effective way of reducing GO, without affecting 
the chemical states of the embedded Mn3O4 nanofibers. The d-spacing of (220) 
plane of Mn3O4 crystal structure (JCPDS:01-086-2337) is consistent with the 
lattice fringe measurement (Figure 6-2d). 
6.3.3 Electrochemical Performance of MG//rGO ASCs 
Upon the electrochemical reduction, the MG paper and the rGO paper were then 
assembled into ASCs. An ASC consists of a battery-type Faradaic electrode as 
the energy source (cathode) and a capacitor-type electrode as the power source 
(anode),[298] e.g., a combination of a carbon-based material as the anode with a 
pseudocapacitive MnO2 based cathode, which can extend the voltage window 
up to  2 V in aqueous electrolytes[299]. ASCs have been found to be an effective 
approach for development of high energy and power density supercapacitors, 
through providing enlarged voltage window and specific capacitance of active 
materials.[300] It overcomes the limitation of voltage window caused by water 
decomposition at 1.23 V, when the individual voltage windows for the cathode 
and anode are well separated.[301] This greatly improves the energy and power 
density, compared to symmetric supercapacitors (MnOx’s voltage window is 
capped at 1 V when tested as symmetric supercapacitors).[128, 144] The areal 
loading of the hybrid Mn3O4/GO, Mn3O4/rGO paper and rGO paper are 6.34 
mg cm-2, 4.34 mg cm-2 and 2.0 mg cm-2, respectively. The thickness of hybrid 




and 52 µm respectively. For both CV and C/D, the measurement voltage was 
controlled in the range of 0 to 2 V for aqueous electrolyte test and 0 to 3 V for 
ionic liquid electrolyte test.  
6.3.3.1 In Aqueous Electrolyte 
An ASC was first prepared using 1 M Na2SO4 as the aqueous electrolyte. By 
characterizing the two papers (MG paper and rGO paper) individually in 1 M 
Na2SO4 aqueous electrolyte, it is shown that the effective voltage window for 
MG paper is from 0 to 1.0 V, while for rGO paper is from -1.0 to 0 V (Figure 
6-6). Therefore, the ASC based on the MG paper as the positive electrode and 
rGO paper as the negative electrode is expected to have a 2 V voltage window 
in the aqueous electrolyte.[26] Several samples for positive electrode are 
compared (while same rGO paper is used as negative electrode for all ASCs), 
namely, MG paper that is thermally reduced at 200 ⁰C (sample MG1-TR), MG 
paper that is electrochemically reduced without pre-reduction annealing 
(sample MG1-ER), MG paper with 3 wt.% CNTs being added before vacuum 
filtration and is electrochemically reduced, with or without pre-reduction  
annealing (sample MG2-ER and sample MG2-A-ER). Among the established 
reduction methods for rGO, thermal reduction at elevated temperature is proven 
to be able to reduce individual GO platelets or sheets, without using reducing 
agents.[39, 296] CNTs are added during the gel formation step as CNT is known 





Figure 6-6. CV curves of the MG and rGO papers tested separately in 1 M 
Na2SO4 aqueous electrolyte. 
 
Impedance tests results show that sample MG1-ER has a much smaller 
semicircle and higher slope of the Nyquist plot than that of sample MG1-TR 
(Figure 6-7a and Figure 6-8a), although the internal resistance is similar. This 
indicates that electrochemically reduced MG paper exhibits a much lower 
charge carrier resistance than that of the thermally reduced one.[242, 304] From the 
CV test results, sample MG1-ER shows much more rectangular and 
symmetrical CV loops than MG1-TR, at all scan rates (Figure 6-9). It is known 
that, a perfect rectangular CV response correlates to better capacitive behaviour, 
specifically, a continuous and reversible faradaic reaction of the manganese 
oxide.[305] Thus, sample MG1-ER shows a higher volumetric capacitance than 
that of sample MG1-TR (Figure 6-7c). Therefore, the electrochemically reduced 
MG paper is much more conductive and electro-accessible than the thermally 
reduced MG paper, making it a better capacitive electrode.[139] It is understood 
that MnOx materials do not show redox peaks in their CV curves, as the 
pseudocapacitive charge storage mechanism for MnOx is based on successive 
multiple surface redox reactions.[13] In addition, the symmetric and rectangular 














CV curves also indicate that there is no signs of water decomposition above 
1.23 V.[306] 
 
Figure 6-7. Electrochemical characterizations in aqueous electrolyte for sample 
MG1-TR, sample MG1-ER, sample MG2-ER and sample MG2-A-ER: (a) 
Nyquist plots of various samples; (b) CV curves at different scan rates (1, 5, 10, 
25, 50 and 100 mV s-1) for sample MG2-A-ER; (c) Comparison of volumetric 
capacitance of various samples at different scan rates; Cycling ability results at 
2 A g-1 of CD test for samples (d) MG1-ER, (e) MG2-ER and (f) MG2-A-ER. 
 
 
Figure 6-8. Nyquist plots for: (a) sample MG1-TR, and (b) comparison of 
sample MG2-A-ER in aqueous electrolyte and ionic liquid electrolyte. 









































































































 1mV  5mV
 10mV  25mV 
 50mV  100mV



















































































Figure 6-9. CV curves at the scan rate of 5 mV s-1 for samples MG1-TR, MG1-
ER, MG2-ER and MG2-A-ER and CV curves at different scan rates (1, 5, 10, 
25, 50 and 100 mV s-1) for samples MG1-TR, MG1-ER and MG2-ER. 
 
Upon adding CNTs, the radiance of the Nyquist semicircle becomes smaller for 
sample MG2-ER as compared to that of sample MG1-ER (Figure 6-7a). This 
indicates that the charge-transfer ability is improved by the CNTs added.[304] 
The CV loops of sample MG2-ER and sample MG1-ER show similar shapes 
and the calculated volumetric capacitance only improved about 9% (46.6 F cm-
3 to 50.7 F cm-3 at 1 mV s-1). However, upon adding CNTs, the rate capability 
improved (Figure 6-7c) as the volumetric capacitance at 100 mV s-1 improved 
100% upon adding CNT. Therefore, CNT improved charge transfer ability of 
sample MG2-ER, which caused the slowing down of  faradaic reaction at higher 
scan rate becoming less obvious.[304]      
Sample MG2-A-ER, which went through pre-reduction annealing, shows the 
highest slope and a perfect straight line in lower frequency region of Nyquist 
plot (Figure 6-7a), indicating a lower ion diffusion resistance as compare to 
sample MG2-ER. This is due to the more uniform reduction upon pre-ER 
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annealing (the pre-annealed samples show no ripples of color changes unlike 
the non-annealed one in Figure 6-2g). Therefore, pre-reduction annealing is 
necessary for better electrochemical reduction and results in highest volumetric 
capacitance and rate capability (Figure 6-7c). The highest volumetric 
capacitance of 54.6 F cm-3 (equivalent to 546.05 mF cm-2) in 1 M Na2SO4 is 
obtained at 1 mV s-1 scan rate of CV test, which is obviously much higher than 
those reported for MnOx-based ASC devices (Table 6-1). In addition, the 
symmetrical and near rectangular CV shape of sample MG2-A-ER indicate a 
good capacitive behavior, as shown in Figure 6-7b. The high volumetric 
capacitance obtained is mainly contributed by the high mass loading (0.21 g cm-
3 in the full ASC device) of Mn3O4 nanofibers, well dispersion of crystallized 
Mn3O4 nanofibers within the rGO sheets and much hindered restacking of the 
rGO sheets, which lead to much improved accessibility by electrolytes and 
charge transfers. 
The cycle ability is evaluated at 2 A g-1 current density of the CD test for sample 
MG1-ER, MG2-ER and MG2-A-ER. Figures 6-7d, e and f show that the two 
MG papers with CNT being added, demonstrate the activation phenomenon and 
much better cycle ability, when compare to the one without CNT. CNT appear 
to help preserve the desired nanostructure of metal oxides during cycling,[307] 
where the Mn3O4 nanofibers and CNTs are well mixed and well dispersed 
among each other. This hybrid structure plays an important role in preventing 
the Mn3O4 nanofibers from thickening and greatly improved the cycling ability 
of the device. Sample MG2-A-ER shows excellent cycle ability of 95% 




galvanostatic CD for the samples are also tested. Figure 6-10 shows the CD 
curves at current densities of 1, 2, 5 and 10 A cm-3, for sample MG2-A-ER. 
High columbic efficiency is obtained at current density of 1 A cm-3  (98.3%), 
calculated based on the charge and discharge time.[308] 
 
Figure 6-10. Galvanostatic CD curves of sample MG2-A-ER, at current 
densities of 1, 2, 5 and 10 A cm-3. 
 
6.3.3.2 In Ionic Liquid Electrolyte 
To demonstrate the potential of the MG paper as a positive electrode for flexible 
ASCs and to study its electrochemical performances in ionic liquid electrolyte, 
a flexible ASC is assembled using the flexible packaging and ionic electrolyte, 
1 M 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) in acetone 
nitrile solution. Such ionic liquid electrolyte could provide much wider window 
due to its high decomposition voltage compared to that of water in the aqueous 
electrolyte (0 to 3 V in this case).[309, 310] Figure 6-11c shows the schematic 
illustration of the flexible ASC device based on MG paper as the cathode and 
rGO paper as the anode in the 1 M EMIMBF4 in acetone nitrile ionic liquid 
electrolyte, wrapped in a flexible packaging. Figures 6-11d and f show the top 
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view and side views of the ASC and the bended ASC, demonstrating its 
mechanical flexibility. Sample MG2-A-ER is evaluated in flexible ASC 
packaging with ionic liquid electrolyte inside (sample MG2-A-ER-IL) at 
different bending angles (Figure 6-11a). However, the CV curves of sample 
MG2-A-ER-IL at bending angels of 60◦, 120◦ and 180◦ under the scan rate of 5 
mV s-1 all showing less rectangular shapes but an oval one, compared to that of 
sample MG2-A-ER tested in aqueous electrolyte (Figure 6-7a and Figure 6-11a). 
The volumetric capacitance is also lower than that of the ASC tested in aqueous 
electrolyte. These indicate that such spinel-structure Mn3O4 based hybrid paper 
has better capacitive behavior in aqueous electrolyte. One possible reason could 
well be that the cations in EMIMBF4 are too big to tunnel through the Mn3O4 
octahedrons, thus the redox reaction could only take place on the surface of the 
Mn3O4 nanofibers.
[3, 59]
 The CV curves and the calculted capacitance for sample 
MG2-A-ER-IL show that, when bended (Figure 6-11a and insert), the 
capacitance is not affected much, demonstrating its excellent mechanical 
flexibility. Due to the wide voltage window of the ionic liquid electrolyte, the 
calculated energy and power density are comparable with the ASC tested in 





Figure 6-11. Electrochemical studies in flexible ASC using ionic liquid 
electrolyte: (a) CV curves collected at different bending angles in ionic liquid 
electrolyte under the scan rate of 5 mV s-1, with insert showing the calculated 
volumetric capacitance at the scan rate of 1 mV s-1; (b) Ragone plot of the ASC 
devices measured in both aqueous and ionic liquid electrolyte, and the values 
reported for other supercapacitor devices are compared within the graph; (c) 
Schematic illustration of the flexible ASC device based on MG paper as the 
positive electrode and rGO paper as the negative electrode in a diluted ionic 
liquid (1 M EMIMBF4 in acetone nitrile)  electrolyte, wrapped in a flexible 
packaging; Photographs of (d) top view of the flexible ASC device; (e) side 
view of the freely bended ASC device and (f) ASC bended to certain angle while 
testing electrochemical performances.  
 
When evaluated in aqueous electrolyte, the highest volumetric energy and 
power density obtained are 0.0055 Wh cm-3 (at the corresponding power density 
of 1.15 W cm-3) and 6.86 W cm-3 (at the corresponding energy density of 0.0013 
Wh cm-3), respectively. For the ASC tested in ionic liquid electrolyte, the 
highest volumetric energy and power density obtained are 0.0039 Wh cm-3 (at 
the corresponding power density of 2.94 W cm-3) and 10.95 W cm-3 (at the 
corresponding energy density of 0.0009 Wh cm-3), respectively. Noted was that 
the volume used for calculation included cathode, anode and the separator. For 
comparison purposes, these values are plotted in the Ragone plot together with 
the values from other reports of supercapacitors (mostly MnOx based ASC 








































































































devices).[25, 37, 42, 152, 281, 283, 311, 312] To the best of our knowledge, this excellent 
performance is among the best in terms of capacitance, cycling ability, energy 
density and power density, for mechanically flexible MnOx based ASC 

















































































































































































































































































































































































































































































































































































































































































































































































































































































A novel nanocomposite-type Mn3O4/rGO paper with high electrical 
conductivity and high mass loading of Mn3O4 nanofibers (0.71 g cm
-3) has been 
prepared by gel formation and electrochemical reduction, which is of low-cost, 
environmental friendly, and easy to scale up. The highly crystallized Mn3O4 
nanofibers are well integrated within the conductive and mechanically flexible 
rGO paper, which can effectively accelerate the charge transfer for fast pseudo-
reaction even with high mass loading. Flexible ASC devices using the hybrid 
Mn3O4/rGO paper and rGO paper were assembled and studied in both aqueous 
and ionic liquid electrolytes, demonstrating an outstanding volumetric 
capacitance of 54.6 F cm-3, energy and power density of 0.0055 Wh cm-3 and 
10.95 W cm-3, respectively. The high volumetric power density, to the best of 
our knowledge, is the highest among the reported results for MnOx based 
flexible ASC devices, at the time of this study. In addition, the cell also showed 
excellent cycling ability with 95% of capacitance being maintained after 6000 
cycles, which is superior among MnOx-based supercapacitors. The hybrid 
Mn3O4/rGO paper demonstrated great potential demonstrate to be a promising 
positive electrode material for flexible ASCs. The facile preparation method and 
the high performance of the hybrid Mn3O4/rGO paper deserve further 





Chapter 7. Hybrid Fe2O3 Nanoparticle Clusters/rGO Paper for Flexible 
Supercapacitors 
7.1 Introduction 
As mentioned earlier, ASCs have been investigated as a class of effective energy 
storage devices to meet the ever-increasing demand for both high power and 
energy density applications, for example through providing a larger voltage 
window.[24, 25] ASCs make use of two electrochemical materials that have 
bridging, yet very different voltage windows, e.g., the combination of a carbon-
based material as the negative electrode (voltage window from -1.0 V to 0 V) 
with a pseudocapacitive MnO2-based positive electrode (voltage window from 
0 to 1 V) can extend the potential window to up to 2 V in aqueous electrolytes.[25, 
26] There are several types of materials that have been studied for positive 
electrode materials, mainly transition metal oxides/hydroxides or their hybrid 
materials, such as RuO2,[27] MnO2,[28] CoO,[29] and Ni(OH)2.[30]  However, there 
are less materials available for negative electrodes. Currently investigations into 
ASCs mainly make use of the carbonaceous materials (e.g., porous carbons, 
CNTs and graphenes),[31, 32] while very little efforts have been made on metal 
oxides, such as V2O5 and MoO3 and their nanocomposites.[22] Other than these 
materials, Fe2O3-based materials have also been studied, showing great 
electrochemical performance in the negative potential, in addition to their low 
cost and environmental friendliness.[5, 24, 33-35] 
To align with the huge market potential of portable and flexible devices, 




317, 318] These flexible supercapacitors require both electrochemical performance 
and integrated mechanical flexibility.[319] One way of developing the desired 
flexible electrodes is to make use of the flexible carbon-based substrates, e.g., 
graphene or rGO papers.[37, 38, 64] Graphene or rGO could be assembled into light 
and flexible substrates with high mechanical strength to withstand bending, 
stretching, folding or rolling. In addition, they could deliver excellent electrical 
conductivity, which is much preferred for supercapacitors. There have been 
considerable efforts on developing ASCs by using rGO paper or 3D graphene 
foam as the negative electrode material.[5, 320, 321] However, due to the 
aggregation and restacking problem, the areal or volumetric capacitance of 
these carbon-based materials is rather limited, usually not more than 100 mF 
cm-2.[37, 38]  
As described in this chapter, we have successfully devised a new strategy to 
enhance the volumetric capacitance for the negative electrode by developing a 
class of hybrid Fe2O3 nanoparticle clusters/rGO papers via a facile hydrothermal 
route and electrochemical reduction. The Fe2O3 nanoparticle clusters act as 
spacers to prevent the restacking of rGO sheets, as well as to provide the desired 
pseudocapacitance for higher electrochemical performance. The hybrid 
structure also gave rise to the high electrical conductivity and structural 
flexibility. Systematic electrochemical characterizations are carried out to 
understand the synergic effect of the Fe2O3 nanoparticle clusters and the rGO 
sheets in the hybrid paper. A flexible ASC is then developed by coupling the 
hybrid Fe2O3 nanoparticle clusters/rGO paper with a Mn3O4-based flexible 




can be much improved compared to the performance by using conventional rGO 
paper as the negative electrode.[5]  
7.2 Synthesis Methods 
Pyrrole was added into 2 M FeCl3 (aq) drop wise. The ratio of pyrrole to FeCl3 
was controlled at 1 mol to 40 mol. A gel was then formed. The gel is washed 
three times with deionized water to remove the unreacted FeCl3, and poly-
pyrrole formed from the redox reaction. The mixture was then stirred for at least 
12 hours and undergone hydrothermal reaction of 195 ◦C for 12 hours. GO 
aqueous dispersion of 5 g L-1 was added into the thus-obtained Fe2O3 
nanoparticle clusters. The solution is stirred well and dispersed by 30 mins 
ultrasonic bath before undergoing vacuum filtration. For the GO paper, GO 
dispersion was diluted by distilled water (5 times dilution) and then undergone 
vacuum filtration. The papers thus obtained from vacuum filtration were then 
subjected to thermal treatment in N2 atmosphere at 150 ◦C for 30 mins to 
eliminate water and to enhance mechanical strength. 
Electrochemical reduction of the GO or hybrid Fe2O3 nanoparticle clusters/GO 
paper as the working electrode was performed in 0.1 M Na2SO4 (aq) at the 
potential of -1.5 V for a few cycles, each cycle for 600 s. A Pt plate and Ag/AgCl 
electrode were used as the counter electrode and the reference electrode, 
respectively. The reduced paper was then washed with deionized water and 
dried.  




7.3.1 Fe2O3/rGO Characterizations 
Firstly, Fe2O3 gels were obtained by a gel formation reaction, followed by the 
growth of crystalline Fe2O3 nanoparticle clusters during hydrothermal reaction 
and mixing with GO suspension. The mixture is then assembled into a hybrid 
paper through facile vacuum filtration. A series of hybrid Fe2O3 nanoparticle 
clusters/GO papers were electrochemically reduced into hybrid Fe2O3 
nanoparticle clusters/rGO (FG) papers.[5] Sample rGO is also electrochemically 
reduced from vacuum filtered GO paper for comparison purposes. SEM image 
shows that the hybrid FG paper is composed of numerous layers of rGO sheets 
(Figure 7-1a). The Fe2O3 nanoparticle clusters, which are about 500 nm in 
dimensions, uniformly lay among the individual rGO sheets, are marked out in 
yellow (Figure 7-1a and b). These nanoparticle clusters are composed of smaller 
nanoparticles, which are of 30-40 nm in dimensions (Figure 7-1c). Thus the 
surface of these Fe2O3 nanoparticle clusters are porous and penetrable by the 
electrolyte. Figure 7-1d shows the corresponding high resolution TEM image, 
demonstrating the presence of crystalline fringes, corresponding to the (0 1 2) 
plane and (1 0 4) plane of the hematite structure (α-Fe2O3, in accordance with 
the XRD results). By inserting Fe2O3 nanoparticle clusters among the rGO 
sheets, the nanoparticle clusters act as spacers, thus, eliminate the restacking 







Figure 7-1. (a) SEM image of the cross section view of hybrid FG paper; (b) 
TEM image of the Fe2O3 nanoparticle clusters in rGO sheet; (c) Higher 
magnification TEM image of Fe2O3 nanoparticle clusters, showing individual 
nanoparticles; and (d) High resolution TEM image showing the lattice fringes. 
 
The electrochemically reduced hybrid papers are further characterized using 
Raman, XRD and XPS to identify the structures and chemical states. The 
Raman spectra shows the co-existence of graphene and Fe2O3 (Figure 7-2a), 
where the set of six phonon modes at 225, 241, 291, 403, 493 and 610 cm-1 
corresponds to Fe2O3.[304] The XRD pattern of the hybrid FG paper (Figure 7-
2b) shows that the Fe2O3 nanoparticle clusters have retained their Hematite 
structure (α-Fe2O3) after electrochemical reduction. The XRD pattern for hybrid 
Fe2O3 nanoparticle clusters/GO paper is shown in Figure 7-3a. The broad peak 
at 2θ of ~26.6° indicates the formation of graphene, after the electrochemical 
reduction of GO.[322] XPS was performed to confirm the chemical states of Fe 
and C in the hybrid FG paper and to evaluate the effectiveness of 
electrochemical reduction (Figure 7-2c and d). The XPS spectrum of Fe 2p 
shows three strong peaks, including Fe 2p3/2 at 711.7 eV, Fe 2p1/2 at 725.3 eV 











and a satellite at 719.1 eV, which is consistent with what is expected by the 
presence of α-Fe2O3. In general, Fe2O3 exhibits an inverse spinel structure 
which has both Fe3+ and Fe2+ in its lattice. Hence, the two sub-peaks at 711 eV 
and 724.5 eV indicate that there is also a small amount of Fe2+ ions.[323] The 
XPS spectrum of C 1s shows that, after reduction, the -C-O- to -C-C ratio is 
largely reduced (as compared to the ones for the hybrid Fe2O3 nanoparticle 
clusters/GO paper, Figure 7-3b), indicating the elimination of oxygen-
containing functional groups. The -C-C- peak becomes dominating, indicating 
that the GO is effectively reduced into graphene.[26] 
 
Figure 7-2. (a) Raman spectra of the hybrid FG paper; (b) XRD pattern of the 
hybrid FG paper; XPS spectra and peak fitting of the hybrid FG paper for (c) Fe 
2p and (d) C 1s.  
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Figure 7-3. (a) XRD pattern, and (b) XPS spectra and peak fitting of C 1s for 
hybrid Fe2O3 nanoparticle clusters/GO paper. 
 
7.3.2 Electrochemical Characterizations of rGO and FG Papers 
Electrochemical characterizations were conducted for the rGO sample and three 
different FG samples: hybrid FG paper with thickness of 30 µm and Fe2O3 
nanoparticle clusters loading of 1.2 g cm-3 (sample FG-t1); FG paper with 
thickness of 20 µm and Fe2O3 loading of 1.2 g cm-3 (sample FG-t2) and FG 
paper with thickness of 20 µm and high Fe2O3 loading of 2.5 g cm-3 (sample 
FG-HL). Thickness was estimated from cross-section SEM images (Figure 7-
4). These samples were tested in standard Swagelok 2-electrode cell 
configuration in 3 M KOH aqueous electrolyte, where the area used for all 
samples is 1 cm2. Figure 7-5a and b show the CV curves for sample rGO and 
FG-t2, at scan rates of 1 mV s-1 to 50 mV s-1. Typical rectangular CV curves are 
observed for both sample rGO and FG-t2.  The CV curves of the FG-t2 electrode 
remain the rectangular shape without distortion under all scan rates, indicating 
an ideal capacitive behavior. Rectangular or semi-rectangular CV curves for 
Fe2O3 materials in neutral aqueous electrolyte have been reported,[24, 324, 325]  as 








































well as in alkaline electrolyte.[326, 327] However, there are also some works that 
have reported Fe2O3 materials showing obvious peaks in both neutral and 
alkaline electrolyte.[304, 328, 329] Although it is not clear under what condition will 
Fe2O3 show CV curves without redox peaks, one believes that it is due to the 
coexistence of Fe3O4 in some of these Fe2O3 materials that causes the electrode 
to have successive multiple surface redox reactions, which is similar to 
manganese oxide.[13]  
 
Figure 7-4. Cross section SEM images of samples (a) FG-t1; (b) FG-t2; (c) FG-











Figure 7-5. CV curves at various scan rates (1, 5, 10, 25, and 50 mV s-1) for: (a) 
sample rGO, and (b) sample FG-t2; CD curves under various current densities 
(1, 2, 5 and 10 A cm-3) for (c) sample rGO, and (d) sample FG-t2; (e) CV curve 
comparison for sample rGO and FG-t2 at scan rate of 10 mV s-1; (f) Comparison 
of volumetric capacitance of sample rGO and FG-t2 at different scan rates. 
 
For clarification, CV and CD performances of pristine Fe2O3 nanoparticle 
clusters powders dipped on Ni foam are also tested in the same electrolyte, 
showing similar rectangular CV curve and symmetric CD curves, but slightly 
smaller voltage window (Figure 7-6).   Thus, it is confirmed that the Fe2O3 
nanoparticle clusters themselves exhibit a rectangular CV curve in 3 M KOH 
aqueous electrolyte. Figure 7-5c and d show the CD curves for sample rGO and 
FG-t2 at the current density from 1 A cm-3 to 10 A cm-3. The CD curves for 
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sample FG-t2 shows perfect symmetric straight lines, which gives rise to the 
high column efficiency of 98.1% at the scan rate of 10 A cm-3. This indicates 
the  capability of the electrode for superior reversible redox reactions, even 
under the fast charge-discharge condition.[144] It is notable that by incorporating 
Fe2O3 nanoparticle clusters, the shape of CV and CD curves did not change 
much. 
 
Figure 7-6. (a) CV curves at various scan rates (1, 5, 10, 25, 50 and 100 mV s-
1), and (b) CD curves under various discharge rates (0.5, 1.0, 2.0 and 5.0 A cm-
3) for pristine Fe2O3 nanoparticle clusters on Ni foam current collector. 
 
In order to better understand the roles of Fe2O3 nanoparticle clusters and rGO 
in electrochemical process, systematic EIS studies are conducted. Figure 7-7a 
shows the Nyquist plots, where one can see the comparison between sample 
rGO and FG-t2. It is obvious that the high frequency region of the Nyquist plot 
for sample rGO consists of only one semicircle as shown in Figure 7-7b, while 
the one for sample FG-t2 has an elongated and distorted semicircle shape-curve 
(Figure 7-7c). The single semicircle observed in Nyquist plot for sample rGO 
indicates a pure EDLC type capacitor in which electrolyte only interacts with 
rGO sheets (single type of interface).[242] In the Series Layer Model for EIS,[330] 
the impedance spectra for a two-phase mixture that are assumed to be stacked 
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in parallel layers consist of two semicircles, such as those shown in Figure 7-
7c. This two-phase mixture correlates to the hybrid structure of Fe2O3 
nanoparticle clusters incorporated among rGO sheets, in which the electrolyte 
interacts not only with the rGO sheets, but also with the Fe2O3 nanoparticle 
clusters (two types of interfaces). Thus, sample FG-t2 is fitted using two 
Constant-Phase Elements (CPE), where CPE1 and CPE2 correspond to the 
lower frequency and higher frequency semicircles, respectively. Figure 7-7d 
shows the equivalent circuits for sample rGO and FG-t2, and the fitted CPE 
values of the two circuits. CPE is defined by CPE-T and CPE-P, in which CPE-
P is determined by the slope of the straight line at the middle to low frequency 
range. A CPE-P’s value that is close or equals to 1 indicates an ideal capacitor 
system with negligible resistance of the capacitor. In this case, CPE-T’s value 
represents the capacitance value of the CPE.[331]  
 
Figure 7-7. (a) Nyquist plots for sample rGO and FG-t2; High frequency parts 
of Nyquist plots for (b) sample rGO, and (c) sample FG-t2; (d) equivalent 
circuits and fitting results for sample rGO and FG-t2. 
 




























































Element Freedom Value Error Error %
Rs Free(+) 0.065333 N/A N/A
R2 Free(+) 8987 N/A N/A
CPE2-T Fixed(X) 0 N/A N/A
CPE2-P Fixed(X) 1 N/A N/A
R1 Free(+) 100 N/A N/A
CPE1-T Free(+) 0.40472 N/A N/A
CPE1-P Free(+) 1.2381E-05 N/A N/A
W1-R Fixed(X) 0 N/A N/A
W1-T Fixed(X) 0 N/A N/A
W1-P Fixed(X) 0.5 N/A N/A
Data File:
Circuit Model File: D:\old Results\4th paper\electrochemical\model 1.mdl
Mode: Run Fitting / Freq. Range (0.1 - 500000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
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                                                                                      (7-1)                                                                                                                                
where R is the resistance parallel to the CPE, n is the value of CPE-P and CPE 
is the value of CPE-T.[332]  In the fitting results, the CPE-P’s values for both 
samples are quite high (from 0.67 to 0.87), thus one can conclude that sample 
rGO and FG-t2 are both highly capacitive. When the Fe2O3 nanoparticle clusters 
are tested alone, there is only one semicircle (Figure 7-8a), which has the same 
size and CPE-T value close to those for CPE2 of sample FG-t2. In addition, the 
capacitance estimated for the equivalent circuit of sample rGO is very close to 
the capacitance value corresponding to CPE1 in sample FG-t2 (using Equation 
7-1 and values from Figure 7-7d). The two impedance semicirles of sample FG-
t2 are coresponding to different interfaces. Through comparison with 
impedance profile of pristine Fe2O3 nanoparticle clusters,  one can conclude that, 
the higher frequency semicirle of sample FG-t2 arises from the interface of 
electrolyte and Fe2O3 nano-clusters. Similarly, through comparion between the 
impedance profile of sample FG-t2 and that of sample rGO, it is apparent that 
the lower frequency one arises from the interface of electrolyte and rGO sheets. 
Thus, it is further confirmed that the incorpration of Fe2O3 nanoparticle clusters 
does not affect the electrical conductivity of the rGO sheets and the overall 
impedance profile significantly, but only has a small contribution as the 
electrolyte-electrode (e.g. Fe2O3 nanoparticle clusters) interfacial resistance, 





Figure 7-8. (a) High frequency part of the Nyquist plot and equivalent circuit 
for pristine Fe2O3 nanoparticle clusters; (b) Comparison of volumetric 
capacitance of FG samples at different scan rates; (c) Nyquist plots for sample 
FG-t1, FG-t2 and FG-HL. 
 
Figure 7-5e shows the CV curves comparing sample rGO and FG-t2 under 10 
mV s-1 scan rate. Figure 7-8f shows the volumetric capacitance calculated from 
different scan rates of CV tests. It is obvious that sample FG-t2 has a significant 
improvement in volumetric capacitance as compared to sample rGO (178.3 
compared to 106.2 F cm-3 at 1 mV s-1 scan rate). The volumetric capacitance for 
different FG samples are plotted in Figure 7-8b. Sample FG-t1 has the same 
loading amount of Fe2O3 nanoparticle clusters per unit volume with sample FG-
t2, but a higher thickness (30 µm vs. 20 µm). Although their capacitance values 
at low scan rate are very close to each other (171.5 and 178.3 F cm-3 at 1 mV s-
1 scan rate), the capacitance of sample FG-t1 drops faster than that of sample 
FG-t2 when the scan rate increases from 1 mV s-1 to 50 mV s-1 (54.8% compared 
to 69.4% retained). Impedance test shows that FG-t1 has smaller slope in low 
frequency region of the Nyquist plot, indicating a higher ion diffusion resistance 
than that of FG-t2 (Figure 7-8c),[333] which could be well due to the less effective 
reduction when the paper becomes thicker. Sample FG-HL shows the lowest 
capacitance and a much lower conductivity than those of sample FG-t1 and FG-
t2 (Figure 7-8b and c), indicates that too high the loading amount of Fe2O3 
nanoparticle clusters hinders the electrical conductivity of the hybrid paper and 
















Element Freedom Value Error Error %
R1 Free(+) 0.46075 2.8491 618.36
R2 Free(+) 7.107 0.50805 7.1486
CPE1-T Free(+) 0.0017059 0.00030371 17.804
CPE1-P Free(+) 0.72722 0.021511 2.958
W1-R Free(+) 1.1921E-05 8.5654 7.1851E07
W1-T Free(+) 7.4446E-09 0.006252 8.398E07
W1-P Free(+) 0.42778 0.0095685 2.2368
Chi-Squared: 0.091243
Weighted Sum of Squares: 25.092
Data File: E:\Dropbox\Yating\Work\results\Results-ASC\Results-ACS FG\electrochemical\rGO\rGO10-Ni-3M KOH\1_Run01_Un1Ch2_Z-impedence.z
Circuit Model File: E:\Dropbox\Yating\Work\results\Results-ASC\Results-ACS FG\electrochemical\FG-t2 fitting\by Yow\model1.mdl
Mode: Run Fitting / All Data Points (1 - 141)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
















































reduces the capacitance. Sample FG-t2 with a suitable amount of loading and 
thickness shows much improved capacitance and retain rate compared to sample 
rGO. The improved capacitance is therefore arising from the additional 
pseudocapacitanc contributed from Fe2O3 nanoparticle clusters and the high 
electrical conductivity retained by the optimized structure. In addition, Fe2O3 
nanoparticle clusters acting as spacers among rGO sheets have hindered the 
restacking problem, making the hybrid paper more suitable for high scan rates 
(69.4% compares to 55.0% retained from 1 mV s-1 to 50 mV s-1).  
7.3.3 Asymmetric Supercapacitor and Electrochemical Tests 
Upon optimizing the paper thickness and loading amount of Fe2O3 nanoparticle 
clusters in FG paper, the hybrid FG is ready to be used as the negative electrode 
for an ASC with the hybrid Mn3O4/rGO (MG) paper as the positive electrode.[5] 
The rGO paper is also studied as a negative electrode for comparison purpose. 
After matching their capacitance (through adjusting the size of the MG, rGO or 
FG paper), the ASC is first tested in 3 M KOH aqueous electrolyte for 
electrochemical behavior. Figure 7-9a and b show the CV and CD curves of 
ASC MG/FG-t2, with a voltage window of 1.8 V. The ASC MG/FG-t2 shows a 
much higher volumetric capacitance than that of ASC MG/rGO, and a cycling 
retention of 83.1% after 10000 charge-discharge cycles, under 1 A cm-3 current 





Figure 7-9. (a) CV curves of ASC MG/FG-t2 at different scan rates, and (b) CD 
curves at different current densities in 3 M KOH aqueous electrolyte; (c) 
Cycling ability results at 1 A cm-3 of CD test for ASC MG/rGO and MG/FG-t2 
in 3 M KOH aqueous electrolyte; (d) Photograph of  ASC MG/FG-t2 assembled 
in PVA/KOH solid state electrolyte being slightly twisted during 
electrochemical testing; (e) Schematic illustration of the flexible ASC device 
based on hybrid MG  paper as the positive electrode and hybrid FG  paper as 
the negative electrode in PVA/KOH solid state electrolyte. (f) Ragone plot of 
the ASC devices tested in 3 M KOH aqueous electrolyte and PVA/KOH solid 
state electrolyte and the values reported for other supercapacitor devices are 
compared within the graph. 
 
The ASC is then assembled in solid state supercapacitor using PVA/KOH 
electrolyte to demonstrate its mechanical flexibility and strength to withstand 
bending and twisting even during charging-discharging cycles (Figure 7-9d and 
insert of Figure 7-10b). To prepare PVA/KOH electrolyte, 6 M KOH (aq) was 
added drop wisely into hot PVA solution (13 wt. % PVA solution at 80 °C,). The 
mixture is stirred and a thin layer is dispersed on glass to form the separator 
after solidification. The MG, rGO or FG papers were dipped into the hot 
PVA/KOH mixture to form a thin layer coving the electrodes. After 
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solidification, the PVA/KOH covered electrodes and separator are then 
assembled together to form the free standing solid-state ASC. Figure 7-9e shows 
the schematic illustration of the flexible ASC device based on the hybrid MG 
paper as the positive electrode and hybrid FG paper as the negative electrode in 
PVA/KOH solid state electrolyte. The solid state ASC also shows high cycle 
ability (Figure 7-10d). However, due to the lower electrical conductivity of the 
PVA/KOH electrolyte, the volumetric capacitance of the ASC MG/FG-t2 tested 
in PVA/KOH electrolyte is lower than that in aqueous electrolyte (Figure 7-
10c). In addition, the voltage window in PVA/KOH solid state electrolyte is 
narrower than that in 3 M KOH aqueous electrolyte e.g. 1.7 vs. 1.8 V (Figure 7-
10a and b shows the CV curves under 10 mV s-1 scan rate in different 
electrolytes). Therefore, future optimization of the solid state electrolyte is 
needed in order to further improve for applications (e.g. the conductivity of the 
PVA/KOH solid state electrolyte could well be improved by optimizing the ratio 





Figure 7-10. CV curves at 10 mV s-1 scan rate for ASC MG/FG-t2 in (a) 3 M 
KOH electrolyte, and (b) PVA/KOH solid state electrolyte with a photograph 
of bended ASC MG/FG-t2 assembled in PVA/KOH solid state electrolyte 
inserted; (c) Volumetric capacitance comparison for ASC MG/FG-t2 in 3 M 
KOH electrolyte and PVA/KOH solid state electrolyte based on CD test, with 
CD curve under the current density of 1 A cm-3 in PVA/KOH solid state 
electrolyte as insert; (d) Cycling ability test result of ASC MG/FG-t2 in 
PVA/KOH solid state electrolyte under 1 A cm-3 CD. 
 
The free standing rGO paper eliminates the necessity of using a substrate. 
Comparing with carbon cloth,[24] Ni foam[334] and stainless steel  substrate,[335] 
rGO paper-based hybrid electrode has greatly reduced the thickness of the 
electrode from a few hundred µm to ~20 µm, therefore greatly increased the 
volumetric capacitance, energy and power density. The volumetric energy and 
power densities for ASC MG/rGO and ASC MG/FG-t2 measured in 3 M KOH 
aqueous electrolyte and PVA/KOH solid state electrolyte are calculated on the 
basis of the volume including positive electrode, negative electrode and the 
separator. These values are plotted in the Ragone plot in Figure 7-9f together 
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with the values from other recent reports of supercapacitors (most works used 
MnOx based positive electrode materials, as in this work).[152, 170, 281, 283, 313-315, 
336] The highest volumetric energy and power density measured for ASC 
MG/FG-t2 in 3 M KOH aqueous electrolyte are 0.056 Wh cm-3 (at the 
corresponding power density of 0.32 W cm-3) and 6.21 W cm-3 (at the 
corresponding energy density of 0.020 Wh cm-3), respectively. When the power 
density is increased by almost 10 fold, 50% of the energy density is still retained. 
By introducing the pseudocapacitive Fe2O3 nanoparticle clusters, which also act 
as spacers, into the rGO paper, the hybrid FG paper provides higher energy and 
power than rGO paper within the same volume of the electrode, thus has 





In summary of this chapter, a highly flexible hybrid paper consisting of Fe2O3 
nanoparticle clusters and rGO is designed and prepared by a convenient gel 
formation reaction followed by hydrothermal growth, vacuum filtration and 
electrochemical reduction, which is scalable and can be made applicable to other 
hybrid types of electrode materials. Compared with the pristine rGO paper, the 
hybrid FG paper exhibits excellent volumetric capacitance, and energy and power 
density when assembled into ASC with the same positive electrode material. A high 
energy density of 0.056 Wh cm-3 is obtained at the corresponding power density of 
0.32 W cm-3, making the hybrid FG paper a promising negative electrode material 
candidate for the flexible solid state ASCs. Additionally, the hybrid paper has been 
thoroughly studied for electrochemical behavior, and the key roles played by both 
Fe2O3 nanoparticle clusters and rGO sheets during electrochemical process are 
revealed. In the optimized structure of the hybrid paper, the rGO sheets act as 
conductive, yet flexible host and the Fe2O3 nanoparticle clusters provide high 
pseudo-capacitance without compromising the overall high conductivity. The 
studies in this chapter provide new insights into future design of the hybrid-type of 






Chapter 8. Conclusions and Recommendations 
8.1 Conclusions 
Mechanically flexible ASCs are promising next generation energy storage devices, 
as they provide much higher energy density and better overall performances than 
symmetric or non-flexible supercapacitors. This thesis focuses on the selection, 
design and synthesis of the suitable candidates for both positive and negative 
electrode materials in flexible ASCs. Firstly, selected examples of the currently 
available materials are examined, which are shown to exhibit both advantages and 
disadvantages. The specific capacitance of carbon-based materials is typically low, 
due to the limitation of EDLC charge storage mechanism. The electrical 
conductivity for manganese oxides is poor, which remains as a major problem for 
most oxides and hydroxides, although they exhibit high theoretical capacitance. To 
aim for improvement in the energy density and overall performance, we have 
studied electrode materials selected for both negative and positive electrodes, by 
taking the following approaches:  
(1) Nitrogen-doped mesoporous carbon synthesized by soft-templating 
hydrothermal approach.  
The N-doped mesoporous carbon shows significant improvement in electrical 
conductivity and specific capacitance (212 F g−1 under 1 mV s−1 scan rate), 
compared with the un-doped carbon derived from the same process. Tunable N-




to 730 m2 g−1) are realized by adjusting the DCDA to D-Fructose weight ratio. 
Doping of 6.0 wt.% N into carbon leads to an optimum level for obtaining high 
electrochemical capacitance. In this project, the effects of N-doping and the 
interactions among the three factors affecting the capacitance have been clarified. 
While the N-doped mesoporous carbons have shown great performances in 
negative potential (-1.0 to 0 V), they have limitation in terms of being made flexible. 
(2)  Bilayer MnOx nanosheets with improved surface area and loading mass.  
The bilayer nanostructure of manganese oxide is successfully developed by 
purposely designed two-step hydrothermal reactions. A much higher mass loading 
of manganese oxide is successfully achieved (~2.4 mg cm-2) through this new type 
of nanoarchitecture. By growing the second layer of MnOx on the Ni foam current 
collector that is pre-covered by a MnO2 substrate layer, uniformly thin and 
continuous nanosheets from the second layer MnOx with excellent surface coverage 
and open mesoporous structure are developed, leading to higher surface area and 
faster charge transfer. This new material structure shows great potential as a 
positive electrode for the ASCs (specific capacitance of 559.5 F g-1 and excellent 
cycle ability in the 0 to 1.0 V potential window).  
(3) Mn3O4 nanoparticles with various morphologies, crystal structures and sizes. 
Different types of Mn3O4 nanoparticles, e.g., nanofibers, nanorods and nano-
octahedrons were obtained by hydrothermal methods under different temperatures. 
Different sizes of nano-octahedrons (40 to 300 nm in dimension) were further 




CTAB affects the crystallite size has been studied. The electrochemical 
performance of  the nanoparticles are studied in order to find out the most suitable 
morphology of Mn3O4 for application as a flexible positive electrode, where the 
size and morphology effects of Mn3O4 nanoparticles on their electrochemical 
performances are demonstrated. The Mn3O4 nanofibers have been shown to give 
rise to the highest capacitance among these materials (147 F cm-3). 
(4) Hybrid Mn3O4 nanofiber/rGO paper as positive electrode for high performance 
flexible ASCs. 
Highly flexible Mn3O4/rGO nano-hybrid paper with high electrical conductivity 
and large mass loading of Mn3O4 nanofibers (0.71 g cm
-3) is developed by a facile 
gel formation and electrochemical reduction process, which is of low-cost, 
environmental friendly, and easy to scale up. Confined Mn3O4 nanofibers were well 
dispersed within the rGO sheets, which are demonstrated to be a promising cathode 
material for flexible ASCs. For example, a high volumetric supercapacitance of 
54.6 F cm-3 (546.05 mF cm-2), and remarkable volumetric energy and power density 
(0.0055 Wh cm-3 and 10.95 W cm-3) are achieved with excellent cycling ability. 
The key governing principles behind the superior electrical performance have been 
studied and made understood.   
(5) Hybrid Fe2O3 nanoparticle clusters/rGO paper as negative electrode for high 
performance flexible ASCs. 
Well dispersed and porous Fe2O3 nanoparticle clusters are developed, which are 




electrolyte interface. When characterized in 3 M KOH aqueous electrolyte, the 
hybrid Fe2O3 nanoparticle clusters/rGO paper demonstrates much improved 
volumetric capacitance in the negative voltage range, compared to pristine rGO 
paper (178.3 compared to 106.2 F cm-3 at 1 mV s-1 scan rate in CV test). In addition, 
when assembled into ASC, both a high volumetric energy and a power density are 
obtained (0.056 Wh cm-3 and 6.21 W cm-3). A systematic investigation has been 
made in understanding the synergistic effects of electrochemical behavior between 
the Fe2O3 nanoparticle clusters and rGO paper, which provides insights to future 
hybrid-type supercapacitor design. 
On the basis of the studies listed above, a flexible ASC with Mn3O4 nanofiber/rGO 
paper as the positive electrode and Fe2O3 nanoparticle clusters/rGO paper as the 
negative electrode is developed and demonstrated with excellent overall 
electrochemical performances. A thorough investigation of the key physical 
principles involved in the individual electrode materials and devices has been 
conducted. These understandings help pave the way for the design and fabrication 
of new materials for the next generation flexible energy storage devices. 
8.2 Recommendations 
Although the new Mn3O4 nanofibers have shown much improved capacitance 
compared to previously reported MnOx bulk forms,
[3, 128, 129] it is still not as high as 
the theoretical capacitance, especially when a high loading mass is maintained. One 
of the future works planned is to synthesize hollow/porous Mn3O4 nano-




been reported that using acid etching method, well defined hollow structure of 
Fe2O3 nanocubes and dumbbell-shaped MnO nanocrystals could be obtained.
[337] 
The voids created within the metal oxides significantly increased the redox reactive 
surfaces and would generate great improvement for capacitance, if good 
conductivity could be maintained. 
Ionic electrolytes, such as EMIMBF4 which is utilized in Chapter 6, could extend 
the voltage window from 2 to 3 V, therefore greatly improving the energy density. 
However, the ions in the ionic electrolyte are often too big to tunnel through the 
metal oxide crystals, thus the redox reaction could only take place on the surface of 
the electrode materials. Therefore, it is highly recommended to look for alternative 
ionic electrolytes with small ions that could access all the redox reactive surfaces 
of the electrode. Accordingly, the capacitance and energy density could be much 
enhanced. 
Lastly, conductive metal organic frameworks (MOFs) have attracted a lot of 
attention very recently.[338, 339] MOF holds great potential for high capacitance 
supercapacitors as they can be made to have higher surface area than that of the 
activated carbon. The recently reported conductive MOF Ni3(HITP)2 has a 
electrical conductivity in between activated carbon and graphene (greater than 
5,000 S m-1).[338] The high electrical conductivity arises from the π conjugated two 
dimensional layers that is a graphene analogue in terms of structure. This type of 
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